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lP)IVSlNELS 01F A \I0VNG-BANK

M~i 111.1P.L' \ MODEL ADA PTIVE CONTR OL I. . Pi

FORI A [\LAG' SPA(F1 STIIO'CI(T R.

I. lot t'nductioii

As.itiar ion exis-ts in estilimitIon and( control design problems where lheprait> esihit

IIt, system are not known wvith certainityv Additionially, thie piranieters niay v; iaryiii ;as a fuiict i0on

of timei, such as duie to thle dlepletioni of a fuel cell or the jett isonling of exteril Si ores. oil all aircrafl

A\iiotli',r possibility is that the systeml paranieters nmy undlergo a juminp chlipi (a radicatl cliami ,

from one value to anlot her) due to a host ile enivironmienit affectinig the physical ,t m'int ijre Or stt 1'

failure d]im( to an imipei'fectioii or st ructuiral fatiguo. Due to hiese, possible paranii'ter \ahi liulles

adalpt lye estilmat l of the system states andl adaptive cottrol might be used iii cont rolling the

sy-temns performance. Another problemn is that iusing a complete miatlieniiiiical (or ' rut i'') unlodel

wnuibl create an 1umifarable Conu putfat ional load due to tie high order of the, moelhl'irebr'. oil,

umaiwilly chooses to uise a reduced-order model for the basis of synithlesizing ua flil- a nI/or cowt r tler.

and so robustness of thle adaptation process to uiiodelled efects becomes ain iimiportat si.

Thiis thesis uises Iamafitrfothesmation of thle system statecs of a large flexilel space

,t ruicture.. The techniiquie of estimating the system states is referred to as Multiple Model Adaptive

V"st i mation (INMA F), having the structure of a bank of Kalmian filters (each based upon a single

discretev value of the paramneters) and~ then forming the final state estiiiiate ais a proballi list icall

weighted sumi of t ie Individual filter state estimates. Thel( conicept of a *'iioviug-baiuk" NuI \AL1

aIgoritluni is that not all possible eimental IKalman filters are( nnainutaiiied iii thle baiik at all t iliis,

biut only a dynamiically redeclared subset, such as those corresponding to discrete paraitietur valuecs

closc'st to thle cuirrent, parameter estimate. The estimated States are, ii tin, i se d as inipii s to



ai cont roller. 'flis cont i'ol process is referred to as NI t iple MmIrl Adapt ivc ( 'ont I-,, ( MI M~ A(

Tl I NI M A /N I NIA( ;ilgor it Innis develIo ped in thI is researchI a re used tIIo (,o(li I ol) a I: g tlI I ' hII Spio

til~ Il'O. ITllc algorit urnis have evolved over a five year period with researich pvhf(riied hy lhIil S

films [i]. Iarnick [111. Laslilee [15]. anid Van D~er \Verkeii [2 1. lin particiiltr. t lit work pt T rmI rd

Ii w %% le l)t tli 1111 will li -ijiid, conicent rating onl Ithe effect., of IIIIri' ta 1ii1

av~ iIii ;1iie 1n rolnu'tniess of I t(e estnnawt ion uiiil conitrol S tIiim. 11 I I I tii i

l\*aliiia filters i at kaink coiitrat ion whoie each filter hais been optiiiizi'il for a *iiiciiiliiioit ii

l ,IeI( ) liiar; I eI . olf ili teres t . I t to c o i ii)it1a t io i ialI lo;aId i Ii c o IIcit, I , I ; It; II, . hI AV I,. Ii

Iliiiitd to two. ilie riasoiiig behind] this will he developed li Chlapter 2. Ie'likii5;ielw

dtlit, colit rol ler iovw.ides iiisigit inito t ie( effects of using a redii'id-ordv st at fi It-r Ii i

B I1 ( 4W V u itII d

le originlal feasibility Stlldy using a moving-hank multiple-modeld estIiuuatoi/c oili rolle rwa

pclHvrilled by Ileuitz7 [S] and sub)sequentwv presen)ted by Mavbeck- anid Ilelt z [22). '1Iie lNaltiaii liltcr

;I recursive optimal Filter, is the primary building block of the MNIAE teciitie, atid so it is now

descrihed. The developmrent of the Nalrrari filter Ii this section is not imtemudei to lie comaplete

['or detailed discussions of the IKalmamn filter and related'( top)ics See [1 8]-121. ldlik no ttm dIll

th IS follows (181 such thtat at stochastic process is di'ioted liy x wlilt. a dtev.~l~iiuutiis t piness4.-

Is; ,lmoted by X.

1. 1. 1 Ka'lmanui1i Thme Kalmnan filter is the foundation of time NI NI AEI/NINIAC cotrof

I,.r To use thme Kal man filter approach to state estimation, viewed here as a specific foriti of

Pl;ivisianl estirimat ion [19:129-1361, the system of interest is assiiiimed to be adequpately defilmeil by a

limu"ar stochiastic state tmodel 41:6- 0]. Thie eqtuationi refrese ting t his systemt is given hv:

ic(f) =F(t1)j(l) + B3(t)ti(l) + G(/)wv(t)(1)
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Xe an) 11''r-%I~ <,(,I ,- or StIaIt, process, 11(-) is ;tn i-vector (Ittel i i-,i c, ill I-)I ilIltpiI F( )

;III iidvy(etermliiit ic iliput mat rix. ;mit G(- ) is ;lt n-ltv-s noi? inipiut lIiwo rlx. Tht cliarachtl-i, P(s

of t it( white Gaussiani noise w is of' part icular importance.

Thle stit istics of w( .) are "tovei by:

TA w(I) 0 (

f.w'f )wU Y')' j Qt (t- )(It

wvlire Q(.*) is ani s-ib-s Iiatrix that is s- iniWtric andl positive st'iliidt'fiiiite. (I) is tilt, Dl i t l Li

Fuinctionl. Q rpsnt t(e dyiiiis OiSOls strenglth being~ ph iit le steiii. Th lit'sl. t (d, Q

is, oftenl left to tilt eli1gihleerilig intit ion of tite dlesignier [4: 10t it]ad thlror. \\ III be ai chi;iI1eii, III

the, estiniator/cont ioller lesi-gl

Anhot her imp j ortalit statistical property is related( to thle state process vector x. Thet illitlt

conidi tionl of x anid the certainty withI which this valule is known is reqi red. 1'he Illit ial cond Iitioni

mean value of the state is given by:

li'right hand sidle of Equation ( IA) is the mean of x at the initial tile, t (). FT(e (legrte to which the(

initial condit ion is kniownl is gi-',i !,- the covariance which is denoted by PO aiid given ill 1AIitio)1

E{[jc(tio) _ *kojLyxto) _ *O]T) =Po (1.5)

To Imlemcnent, the IKalman filters, the discrete forms of thme above equatiolis art' usetd. Etqnmtol)

(I)contains the ihlatrices F, B, anid G . This same systemn represeit at ion maiy hi' expressted ini a

d istrete time formiulation [18:1 70-172] . The state transi tioni matrix, 1 , is derived usinmg thesy stoeli
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it' i> a ;t i~ It11 Ilit lix. p defines' 11-v~ the state vector chianges over thle 'p-ci Ii."I till ,IPd

\Ilitjiill\. the dlcteriili i nu arxBmyb exprc.seil III a~ dilir-ii tii )1-11 1,

o (iiscrett-titie whinte G~11 ausin Sstoi diailics no00"' vector W, has a covaiiatice Q, III;)! is a

filtictionl of tie state transit ion matrix. the noise iput matrix, anid the 5? reigthI ol thle cont ilitMS-

Qd(ti) - J, ~ l r)G(T)Q(T)G' (i-)4' (Ii+i* 7)d/T (.

InI ternis of these d iscrete-tn IIe nliat rices, e(Iltation (.1 is rewit ten) as:

and the timne propagation equations for the conditional nican state estimnate of x and the covalatiWO

are griven byV [18:174-1751:

'Those equiationls give theit relationship hetween two consective state estiritsai oaitcsa i

tinifst1- and t I* Noe that, in order to carry omt. the above calculations, the estimate x(t +, ) and

he covarianee P(t 1) lnust be known. For thlese to be determuined, a uteasIrlentent fron thle systemt

must, be taken and te enitire system of equations updated. The "+" aiid "-- superscri pts initica te
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tIa tiall vlit all of it.xt iet Is evalimute'i juist after or list before a ili llrll''it Is llliwop~f''diki

'Ji( dilscret('-t one (or' samiple -data) tillasllrl'il'lt 'A is dt'ti'ri lie i' a Iiln, lll'l illodli:

llhl, Vi'ill i 1; :!w Ill('lslil'lilellt anosI' accoluntinig for th In' imeitlil\ wit ii Milcli ~~lif

mii'' rt obt'l lnll J. The1 measu',lrement noise is generally conisidered to Ibe a ( I l lllS itI(-I 111

process with iizeo mclaln and( a cov'arianlce oIf' R.. The( systeml illd'i dc(Ilp-i;lsld l tha III(-

systeni dvtiaiiiics noise w and thte measureilleit tise v are indeeentit. Ili alditioll, til'e 05

are ind(eperllWent of the initial cond~itionl x(to). Once z lots bleen mleasured'(, the llt ine sysi 111 of'

eqitatuns a, q)pfated iising; the foIl--wvng three equat ions (Ii ad di tionl to til' eq a t ionls aIrc;Il

g.iveti in (1.10) and~ (1.11) for thle filter's propagat ion Cycle):

P(t+) P(ty- K(1j)H(1j)P(t7 )(1.15)

Thle bracketed t('ritl ill E'quationi (1.14) is called tile residinai (or itn some 'l iilrat lit-I. itiillil 100

[,14]) anld denoted by -(ti). The residual of the Kalman filter indicates hiow mullch error correctiton

is required Ii the filter, since it is the difference between the most recenit mieasuireitenit. and tihl

best pred ictiorn of that. measnrement based on estimates prior t~o that. sample tintu. Thie residul is

weighted by K ali(l added to the previous estimate of the state to arrive at the new~~ estimiate of the

11w (iscrete-time Kalmnan filter stochastic dhifference eqtiiatio1 011(1 propagaltion1 (Ijllt ioll have
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r'rpresenterd :i,;t review. Several imrportant numbrlers ill Il hrcsalair case. or Iwo rict's illIi t, r ri

rcis,, r in rvtlvri M I hrst rtrrirtrors. lucy are derived fromr tlie model oftiiw 1AIiil'' j i

tii des.ig.rir

1,1.2 Systcn MrAodcl The I nt egration of conrtrol syst em design arid st rici nl (0115iderat riis.1

dilriiig the rlesigri phase of a system is hecoming bo0th Coln )rorr plare arid rrrr'ssairy [25:1iS] 768j

thns research effort, does riot develop thle actual sy'stemf m11(1(. it I., iriportmit to1 ifiili rid

lki~ir concepts that underlie the models. 'Illre largo space st ructulre Coiusrdr, ( 1, [l)d 11 ;l

'Ie itesis rcsuircr performred over thre last, five years has involved dii h'r alt tvprs of, irv~sit

ions. it , jrf'Ornued a feasibility stutdy Oil 1using' a r1loviiig-baik Nl\IAK/NNIA( appr,;c 1,)

sokle tihe conitrol prolderrm. Fi lios cont inuied to look at thre prol'n of a lvIrrgM li s samen le'.1] iii11

to a nrore realistic spacecraft rnodll: however, online adlaptat ion was not re:ilv rcird for (11ao

particular space~crafti Karnick was givern the hasic two-bay truss rIrodel. addud irodificat ionis, ;111d

usel Ire niew ilod"I to performi Is research. Laslilee used the santle model to performl Ilis rrscarcle

\';illIDer Werkeir used the sarrie filter model hbut included higher order miodes in thle truth Ii rodel,

24 states versils 6 states.

One of thre primrary concerns in control design is distunrbanrce reject ion. Thre abIi lit y to wvithI-

statrd outsilde interference fronm natural mnd mrarn-madle plierrolitera ;rs well as, diirlharices frinur t Ilw

5stl'rrrl itself is e-mSelt ial.

Ili large share st ruictirres thre dlist rrarices are tire resurlt, of slewirug/poirit 1,irualuirIrVOrs,
lhrirnal trar sierits, arid mechiarnical machinery such as coolers, gerrerators. etc. Courtrol

of thre dyurarir response is essential for mlaintairning thre ride qurality arnd perforrmarnce
requriremrernts, as well as for tire safety of the st~rruct ore [25: 176;81.

[Ire paramreters liat affect tie performance of tie system mlay be vcitv egiriziul as (I ) thre physicil1

corrrj1osition of tire strurctuire. ('2) thre sources of (list urrarces, and (3) Ire( conrtrol systemr it self.
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* 1'on-structura Mosses x
* Accelerometers and

ThrusteFs Collocated

Figure 1.1. Rotating Two-Bay Truss Model

The physical composition of the structure is shown in Figure 1.1. The structure has co-local

accelerormet-rs and thrusters, which simplifies some of the calculations. TIe h has "grosco!;is t(

dtermin, angular displacement and v-l"cit. and a co-located inertia wheel as an actuat,-i. Th

sensor and actuator locations and functions will be explained in detail in Chapter :3.

Karnick presents a very thorough description of the components of the two-bay truss model

that represents an appendage of a larger space structure (such as amanned space station) [11:39-58].

Tie aluminum rods that make up the two-bay truss are assumed to be of a certain cross-sectional

area and elasticity. The mass and stiffness matrices that describe the model were calculated using

finite eleient analysis [11, 26]. Chapter 3 presents the results of the finite eleiient aimlysis andI

the development of the matrices that describe the system. The matrices are considered to he tihe

noiminal values for design purposes. During this research the parameters that are considered to

vary, namely the damping factor and natural frequency of the structure, are the result of changes

in the mass and stiffness matrices. The truth model is developed by using twelve mol s, the ri.id
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bhelv :ttnl eleveiill nigl it , which are r fpreseiitle by twtiity-Fotir slic-

lit efforts prkr to thlose that addressed the rotating two-bay truss, tl( NIAV . and N IA

;i1r it bins wecre ii to conitrol iiodels of various complexities. I1liitz uised a:t id wos

Ii, letI of tlin st mini ar [8:16]. The control ratio of the structure dynamiics

M(s) s__2_+__2_s_+

01' in state variable form (standard cont rollable form) the structutre dynaiancs are described lv:

'Ili:state vector x is comlpose( of two components: xi (f), which represents at posil1iou variabhle, hi
1

x (/), which relpreseit~s it velocity variable.

The work performed by Filios [6:38-41] used a more complex tiodel. Filios, evalitIth

NI NIAE and MMI.AC algorit Imns against theit Draper Lahoratory/Rockel P~ropuilsion L~dbor;ttorv (oni-

figuration model, which conisist~s of four cant ilevered app~enidages at tached to at cent rail h111. '1Ills

mode more closely represents a satellite with fouir "whip" antennas than th1e strructure developed

lby Karnick. A six state model was used by Filios.

The work performed by Karnick [11] used a two-bay truss model attached to at hub. Kariiick

ms.-l a six-state niodel1 accounitinig for the rigid body mode aun two bending iile f i trn r

a reduced order model dlerived froii an analysis using Owli met hod ol1will rit irhiat O [It]l.

Laishib- e's reseairch [15] iised thle sautec model. Both thei( trithI and filter models uised si\ ,tts for

IKarnick's and aslesresearch, and thus there were no tnintodelled stat'e effects. Biig coiiceriied

about. the effect of iunioulelled states (a robustness concern), Van Der Werken used a 24-state tnith
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tilel andp a t3-t te filter iiodel [21]. ['lie full levelopnitt of t lie I rilt tllA I., lresi-ei il

Th1111tiltiter of states descriiig at tiodll uised itt cotrol lelslscnntk pritt'iiiiil

I ll ths iile [wtel rormtatice a>s compiared to Ilult poit rayx lx L-l I . iis s x;i

Iniciate that t lie filter tiodol state- size miay requite moiicat tis for proper fro! iiiiet Ill-i

,NI NI .F/MM XIC algorithmns.

1. 1.3 H [1il1114u If od Aduiplov .sfim ion - M11A 1., b e i"' of' lul I I;it ill1oihak is 111'

Ip 'i-I!al ItitI il approa;cht for opt imtal cotit rol. Ill state feeldiack provides I te oit to! M~eiii sI ,i;ItI

iii 11 robust ness t o extortial atdtil juertial (list trbattees. I owever, perfect access t o all st ;ite cIs sell ii

attaitiable aud( so aI state estimiator is itseil] to provide best est tutates of planit statles to ti( l itilil

tact was designtedl its t liotlgli lull state access were actutally available. 'Ilte, conitroller fior t his nsac

is ;t it LQU cortroll-.

I'sitig LQG; coiti-l Ii. siitts thlt tit(, 5stemt tiouel is, Liii.;iu tlewr s' ai Qii;idrICi.(-

cittrioti associatel with Itlie ctro robuletm, andi tie toiscs tused ill Ilie dlltiliis ato1 tiwisitiitt1(1iit

equatiotns are taketn to be Gauissiani. "The LQG oputimaul cotrollet lhts I to o us uity (quiuii/( t

pif earf y'[20:1 7]. Thie certainulv equivilence property is at special case of I t( eSopa rttt ott1 Irolert .

Te LQG corntroller is equivalenit to t lie optimial (let erminist ic corit roller Thut wit it t ie( st ate re-ip1accd

withI the cond itijonat m rean of the state given ie( observed measturemuets..".[20A1 71. Fig-ure 1.2 shows

tw flow of the signtals frotti t(e systetin to the( est ittator. 'I'llt est ittator p~rovidles thei. ciurrent stalte

f-st juttatioi to the rotitroller, which iii turn provides at control sigtnal to tile systeti.

'FTe uistual prolulemts entcoutitteredl iii a real world systemi as is t ie( case witl Itt(i flexibile spact
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Ex t e r n, I
Di sturCcrcce5

Dynamic
Sys tem

ControllerEtimo

FIlure 1.2. Diagram of Feedback Control System ['201

St rict are. are that the st ates themselves may not be direct ly nieasu rablo or lhe systeml pa rallwl"Is

iuv vary fromn the original design as discussed earlier. The app~roachi that N IlA F s io 01,

each Kalmaii filter for a dis-rete- point of interest in the paramete!r space. Eli.: real pi~wi

maet actually be, continuous In th- region of itPrest. The mnmbe2r of values that a Iviraiu 1

could attuan would t lierefor be- Minlite and the resulting conliinatiowiS of parailtrs W01iil1l.

be inflii ite. Since the use of infinite (or even very large) computers is not, real >1 ic or ri1,:i

for this research, the parameter space is viewed as a discretized version of this continiiu. V(,r

example, if the system had two parameters of interest that could take on two dhiscrete values, eachl.

then the parameter space would be comprised of four discrete points. If, however, the parameters

could take on 100 values each, the parameter space would be composed of 10,000 discrete points.

each requiring a K~alman filter and eventually an LQG controller, which would he an unbearable

computational load for any real-time control system. The work performed in previous research

(11, 15, 241] uses a tw- parameter, 10- valtie- per- parameter approximation of the actual continuious

paratmeter space. The parameter space employs 100 points. Figure 1.3 shows the block diagrain of

th,! NM AE algorithmn. A full-scale IM AE algorithm would require a bank of 100 Kalmnan lilt ers

for this application.
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gigure I.3. Diagram of Multiple Model Adaptive L:stirmltor [21J

1-11



Ii Ito. r.fIirls f.E, ill each IFaliiai filter. 'The( state rsilmjate i)f eni filir is 1ut 1,.% l1 tIp

I; I laIit thII a II t I Ie nss I IrIeIlw valIue( o f 1 j a taniet er fo(r thI I; part naidir lilte r is I 1 w tIiIr~ -. 1

I:. a 11. o'. '11 promhlia fii rai each hal maii filiter Is a faInion.I(I i t I[lieoali i va i

f~ t ) Z -~ 1 1 1.z ,, J ', '14. Z .- I W l i(t - I)

ir K 1 tl111 i 1, 1111 jln1,i- Ilit first im riiat r 1, i v - r ,- it, . I I I, - [ 1,i~ li 111 *i1 -11

2

11, C,- 'avri 1: matrx R k(t, ). wiiaiily A4 to [A./ )Pk~jV )1I/ (I, - lt , )1 . 'I1K, d -

i1i 1111i ,i I -a 1i 1' ' 111 ,i 't all liii rat or t ernis fo)r N , I K so ll il t i .a >a ii (t a;ll Pki I, i iv

r a I I~t Ii,, tIII. is t ihat theli col iti ioiial fro))ln i 'i tN pA.(1/ ) Is th al 'l li t i w

it ~ailo pv 'is.a, iialu~S s specific vale." iak., givenl that t hliisteti Zll,) I11

1 a1\ 11;1 afcli.. riliztt)in Z, [19:10-1311. 'Ihle we"ihte'd etiiites art, tiltti s-tiiiil- to)Ioi

I.. 1" 't I1v1 ohl- lywult 'tlii f 1ii. clirrelit stat'IfTic (.atIliitiu ploililit111 is rave

Ih..lavti, 1i

Z H* I(1.21)

h Ii- frop.,rlv I- -. iii lot anyr ()it, filtecr criitrol 1 te est timat ioni prwss illss oil, of' thi It(st ijiit. r'
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%,~ -~';,I s's i ciFsrt~, [,, 22. 1 I, l'5. 2-i. 1~ SIS-. 1wii. i-1

I rs H Ili, l1Iraissl psrls)rIns's by (1.19) evel it' rhaIiig C1K1,1i"ijsii %\rc 1I' :11

iiI p uiI, til I r p:ti t.ill w r \;II I I. I' If ws t I b st v i It' . 011ic Way t 'I p -i tI ' p

iii' 0 I I 1( 'snl -iiw Is 5W and ui-i-' limits That Ill"s pk ~ I i ; ;k, ''il. O il'- till I -

I 111's* 55 ~l vs .t t iatejl15 is aviibIle'fsr use Is sssiir >N i al. a,1 it

11111 m I .'siII/. Iins/Il fi/s I(- ( eonlnel - MA!A ' iorisick s(I-Vs-i -I ti Iw O,( -'i1 1i- ,dI.I

ip isslvli.>iisii :TJ8.htil lsweil uisedI s (Iothcrri' r'ehu'' isl*sir s 1.21 'Il NiNiAC

tI--rIitiii Ow' Ii NINi.\L- ;11i,, )I'lli h is1s sls'vs'lI() s'st iis lt'' d I ll iii' , stii . ['Isi l i- , titIh- >11 iIss-

1" 11 [1'i 11 1 [ll,' ; l i Is r 1151 osjstliI/,Is l issi' till' p lls~'i tl'i' \iiis's'sii' " illsi , s it'

Lsir''II'.i,- iOw ,sigwdi llsiii tibe, )tslsk ), iiowd -G,*(tsl) ;in's sslstjii;lsiutrdi- g;inl-.

'ii':vSt;ulsiidils'ed fsr each'I dijscreste plarame~ste~r valme at.. Slight i.liiiilg ni ~hs filislcril's

sis- liraius'tsrs coin cause pooir lerforniance of all iniiidllil LQ(; coist rslls'r. 'I'ii' Ni NIA.C

'('lit roller psrovids' somse relief froii tis paraiietor miismatch l sobleim Since It 1lis ai w'igIstss sillll

4 s-,Iltr" i'ss illlts lbises cim I l~elx'jsothlesis Conidition~al pi'olhaiili l'es coiiijsiits'l mi thle sl-i 4 Uthn

rs>ili~u~ ssisr~ts sI,% the' Kalmlaii filters. The NINMAC' apsiroachi to a conitrl 5(dutm ssiifrs- i'rssis

ill,- sain5 s'(silpssitsiiola Ioadiig psroblemi as NINIAL. An alternative to fuil-scale NINIAE/NIA(

is- tw is' c of' is1 iisilg,-ll~k NIN\1 rel'/MiNI AC to provide a very close approxiit ism 1,; lils-l

Ni I . 1 NINi opstlimas~l control withI red iced compsutatioa 1(110 di 1g.

1/5 A/es islsi' sskA 1Al l'/1AI.I Tlhei tlssnry Iss'liiisltis mtsssni,-l:msk N il/IN \

1 t1 i' ;11 I.( s i s'l~ , a11is1 ill tusrli thes l prosi -i coutro jsd is 1sit t( Is I flu s stclll, ii1s;1\ h.' alp s I's li s d

Is usrssluss'l idllsr Jf discr i'stzcds paraii'er valutss that;a taks' om I its' v;uis's s u IsIs'MIi'ts 1.I)>

winiasoliv redesls''lsr- l lssat isis tisus fort Ole basis of t, is'fll hsaik. Figsirs' I .5~ howus how0 IlcIjl
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Fir .5Dia of BiN~EnI

parainet,-r~P locatio atta ane

*Bc~~lain I crierliao

MA[A A ar iebsicste woiuld look deidall te filte were used. Eac profm th bocs repiretizadiO-

crtet later pako its as thew bain Fre .7 Thema tecand/ors a crolgi.eiue1:

aon b b it auI te c t (

Parameter tion ettime moitri

Ter.-E/ arC ebsicstechniques foo deidalg to moteswr sd ao the banlrprfr ors redisreetatmei

ofete pactieer bakofitrs as shown bain o amnfle ado oto a Figure 1.7. hesecniqes re

h* Resoidua moy- nitoringhapersronngteuret(smtd)aaeervu.h

ba* aametrler ptioe nstn hntasto iepit otcoeysrone h estimatedmntrn

" Parameter position and "velocity" estimate monitoring

SProbability monitoring

SPo-oring
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Figure 1.7. Moving-bank MMIAE/MMAC - Coarse Discretization
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*Parameter estit.,At ion error covariance mionitorinig

Rcsidual Iiiiitoriiig uiS',S a. I kcii hood quotient defi11 ed as:

Siliew net her a move ot tfle udnk is requirec, wijere A-'t i, ;w ii, e;h::' "''

Ii 'qiiat ion (1.13:~) (tile bracketed inverse). If all thle Lk are above a, prese't houintd. hl 1urjk IS

moved. Further, the filter with the smallest likelihood quti ent shtoiuld he tl- flter Ilwi.>

rue paraimet er valute. Resid ual miontitoring is susceptible to sitigle large sutniples of~ iiuwiurmti

noise and may give flke alarms [22:92] , i.e., thle banik miay he itioved even though thle in ius s

uniieccessary.

Paraiiieter Positioni Estimniatc Moniitoring attempts to keep the batnk centered on t lie-

ciurrent, estimate of thle true parameter. he esitimiated true parameiter is gieu b%:

K

k~l

Wheii thle -distaiice" between the center of the batik and tile estiniated paranueter locat ion hecotites

larger than a preset value, the filter batik is moved. Since the calculation dlepenid-, oil the tiiiie history

of mueasurements, this technique is less susceptible to false alarms tliaui the residual mnuotitoring

Method [22:29].

Paraineter Positioni anid "Velocity" Estimiate Monaitor-ig is anl extension of thte pre-

viotis method. By tracking thle "velocity" of the parameter estimate through the most receiit

parameter position1 estrimates, thle next position of the parameter may bie p~redict ed . If thue ufclist;uce

between the piredictedl loca tioni and the current center of the filter banik exceed a preset, limlit, thle

b~aiik is nmovedi.

Pz'obability Tv14nitoizitg via tile equations already preseted also p rovides aniii (Iic;i t iii ()I
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lie most likely location of the jiarailieter. The computedl probabhilit ies ar-e comuparedl to a preset

threshold or simiply thle largest probability to determtine if file center of the hiltr lank should 1w

iuovted to the filter that is producing the probability exceeding tie thlreshiold.

Pai'aieter Estiniation Erroir Covarince Monitoriing provides a ii a s for d(lterlllinjg

w lit heIr t lie, lank shoulId be cont racti d from a coarser d isc retiz at ion, as slIiowii inl li, lire 1 .7. '['lie

parailieter est imation error covarianice. given by Equation (1.21), is inonitored . The parallel er

covarialice can be readily coimputed as:

Pd' k I ;{a-a1)a-at } Z(t, ) Zj

1:1I~a - a(ti )][a - a(t, (I ''
k=1

withIiin the NI NI AE or NI NIAC algorithm. WVhen thie normi of thle vector P,, falls I 'low son ie ppt' st

tireshold, the batikmay then be contracted. Mionitorinigthe l,)aramieter estit iiou euiroi covarialice

is not effective for expansion decision making, however, since Eqiiation ( 1.24) depends oii thle curlit

choice of ak alild is "artificially bounded fromn above by the current size of th lihanik" [221.

Whleni the paraiii(ettr tiidergoes a jumnp change or is chiaiigiiig rapidly, thle closely spaced

filler batik may not be able to track thle parameter adequately. By expaninig tie filtler lbank, thle

paramieter is reacqutiredl andl a dlecisioni to contract the batik aronid th ltw fuaraitiieter locat ion cati

be itmade. Return inig to Eqtiat~ion (1.22), it is seen that this eqluationi is (leponellllt oil I lie, [-esidulihs.

i-A. If all the likelihood utuot ems are large and close iii valtie,, thlen a good esti tout ft lie parauuecl(T u

iorat ion inl the haraintuer space is not, possible.. Since tile estimnator does lot -kieow" wot the

paramieter is located withI any certainty, it is more appropriate to expuanid Ih, 1j;utik rat her thlan

moeit [22].

Heritz found that probability monitoring is thie tnetliod of choice [22:95]. Laslee uised thle

sat tie tech niqtie andl observed the effects of varying the paranieteor space d iscretizat ion onl thle ability



of tlhe filter to track thle true parameter location [151. B~othI of these efforts, pr's'nlt ai t, i.i

discussionl of tile de.cisionl logic.

'[lie paralCetil stiate ('tile moving bank IINALIMNIAC alg"orit hiiii shioAil Ii' as i~rva.,

go00d as the( full hanik estimate, p~rovidled that the vast majority of the( full-scale NI NI Al ilgorthm

paraumeter probability weight is conitainedl withbin the moving bank, but proluleilis have been set(il

int five years of thesis research [8, 22, (6, 11, 15, 2,11. '[le t inlinlg of the( noise mat rices. Q and Ri.

the discret izat ion strategy used to generate thle dliscrete parameter poinits, as well as.- the( tiintg ()f

lie other parameters ili the filter algorithmni apparent ly affect thle syst em rat hecr sidI bt aliiti allI v. \'a1

1), r ierkeiis thesis Shows tli;it t lie iiumiber of states uised iii iel statt' spac,' opi-'i atI ;I1 iO (d'h

tr-lt It iiodol iiiav be a very imiportant cauIse of poor tracking- perlOrmiaiie oh' tI' NI NI A VI/NI NI A(

ulsed to colit rol ti sliSpce st ruict itre miodlel, and so this robustiiess issule wauirlitS 1hurt. ll(i' si ld\.

1.2 ProbfcuIn

The comnput at ional burden of a fixed-bank IN MAE/MI NIAC imuplemettat ion is hiigher thlu i

a inoving- bank est 1ii ator/cout roller, and so thle mioving-bank algori tinis are preferabl~e For iii l'-

mtutitat iou The p~roblemn remains to dletermine thle robustntess of the est imiator an d/or cant rolletr

to tumnodelled effects, whether it, be a moving-bank algorithm or a fixed-batik algorithim using aI

niecessarily coarser parameter discret ization to maintain computational feasibility Therefore, tie(

isiriatch of the 24-state trnith modlel andithie6-st ate filter modte is investigated. he selecteid tnt Il

Itno(Il is assumied to mnodel thle real world adequately. This thlesis research wvill provide iiisight i11t0

tbll( effects of the ttiisiliatch anid ditertinine thie nunmber of filter states requiired lo track thei stat'-s

andl cotitrol thle space Struictutre adequately.

1-19



1c.pf

Th,- research pterformned investigates the cont rol of a large space structure represent ed byA

a rot at ingi two-Ikit truss ais develop)ed by Kariiick [11]. The t russ is ;llo%(l to move.,IIl\ iiI

the x-y plane of Figutre 1.1. Restricting tile motion to this plane allow, for 111c livesi ;Igal 1(11 of thu,

NNI MA /NI NI C algoritrni withlout overly complicating the model xithi mnotion ()lt of this lan. I.".

W it oult Coupling of x-V planle, x-z.poe arid] torsional motions. M~asses attacliwl to the st rilct til

wvere adlded Iwv Ka riick to allow changes in the mass mat rices to ob~ta in a imore realisti KSpac

struictunre model. Thiis situatiton represents thle effect s of depletion of fuel t aniks oii thre st rile 1 Pin.

Tile miodel developed by IKarnick is dhescribedh iii terms of mass arnd sI iffiress mat rices oht ained froit

ai finiite eleenjt analys is [26].

Thne paramnett'rs of interest for this thesis are the mrass arch stiffness Inatices, t rit aiplwai ill

ti' s.tein dhyniamics equrat ions thIrouigh nmodal analysis [25, 111. Triring of thIe Q mat rix describIiiig

hr. uncertarities associated with these dynamics model matrices is contirued frotr thle thurt s

of IKaririck [11], ILushrhev [13]. and V'an D)er \Verken [2.4]j Additional tuning eflfects ire( toth

measurement noise covariatnce iratrix RI are also considereQd. ''lr e uasuiremtirrile i( dAilIaitUC

mrat rix was considered to he diagonial ill previous theses [15, 24:94,77]. A dhiagoinal mrantri x iml icat es

hat tire rnewastirerrrerit noises are independent, i.e. thie mreasurerment of t~re velocity at node I Is,

riot affected by tire ineasuiremerit of thre velocity at node 2. R. will be modified to include non-zero

off-diagonal v'alues that are chosen in a physically miotivated marnner.
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1..-)1 Approach

Previous thlesis efforts concen~tratedl on observing the es itnat ion and1( cotrol of the tiltler-

miideled states. The flt er-model st ates used in the previous research effort are definted hy:

Xj igid body mode posit ion1

1, First hending niode pos It Ion

_ : Second bending::moe positioli
Xf (I)

X5 First betidinig mode veclocilt

X3 Second benditig miode velocit

The t ruthI model vector is correspondingly asstimed to be composed of the ii"d body an f ir1st

eleveti bending mode position states, followed by the corresponding twelve velocity states:

X1 Rigid body mode position

X.,First ben ding miode position

X12 Eleventh betiding mode posit iotn
-t (1.26s)

X1 Rigid body mnode velocity

£14 First, bending itiode velocity

X 24 Eleventh bending mode velIocityN

Ani error vector, cwas used by Vani Der WVerken [2,1] for evalunat ing esti: nat or performnance. g iveni

by:

e Tx, - xf(1.27)
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Thie subscripts indik-ate whlether thre variable is a filter variable, f, or the tn rt oill viriahll. t.

'Ilie miat rix To' is a tI-bv-21 tranisformat ion matrix which moves the states representinigth I oiit

of the rigidl body miode and thle first two bending modes to thle fourthI, lilthI, ando sixth I i r

positions. Van Der \\erkeir comipared the truth arid filter states (an cs? inaite in Ilie filter c~

lirct ly. thus asking~ whet her the filter estimnatedl the truthI model states ass(Iciaitedl only vith ile

first thlree mlodes". This thlesis effort will instead ask If the reduced ordler filter (-alti est noate (orI If'

Ow reduced-order regulator canl control) the true total shape of thre truss (dire to allI triodes' fect>').

Fur irerinore, it will attempt to answer robtustness questions. i.e. will thIe cottroller wvork w\it I

reduced state filter mrodel, by gradually increasing thre higher order state eff cts Into t 11, tii

'1IWX row 101 10rop 1 t I ra hwllb deli tied as thle di fre twat iiiii c IIj:kl' j 01h a a

;itil vilecit il at Irie aWCcIrotiter andi thruIster (uIsed as conitrol ckilticirs.) ,It) 'ts a

a iii at t lie hubi, of, li"Ilre I.1

e = Hrtxt - Hf xf 18

wheire

Hj H -~ I Hjt, 3x, l0xi 0I

0 01 3 , )rrx Hf 2 3 x3  A H tt3 X. 1 ax24(l:)

where Htr corresponitds to the( elfect of tire uipper rine modlal position states, anid If,. to thre ofb'ct

of' IlIre uper tritle tullvelocity states. H, will proviide a mieanis to obserc i tdfIls (il Ii

iititioiell stats Ii thre opherationi of thre estlirrator/cotrtrolr. 'Ill(e scalat itiltildir A \ ~ih

va rfld from 0). tli( case where thre truth model is of' tOe samie order as thie lilticr todIe toi1 Ilf

a-. 1 whetre thre frll eflfect of all thre states of thretitt truthIde are bteirng inicorpiorated. Hy graduially

inrerasinig A, thre effects of the trnmodelled states should become apparent. Th~e requiremuenit for
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adodkI itg miore st zit ,s to l Ii fIltecr iiodelI is det erinIiiied by I lowv large A beconii-s Vl)i t ie( con(la 1,l(1

s v>te('11 to becoic ijistable or exhibit other unacceptable behavior. After uiaiit if"viigli efet of,

the uiiiiielled tates, lte H, and lit, matrices may be f'urther partiit oiid to di en ii ii whichl

states are needed for a robust cointroller.

'111 roulstl -i (.f t lie( estiinator/coiitrolier is thle primary concernt of' tIl. ii Ilw~s. ?Iii

Is tlie ability of lie( estiuuator/coutroller to function properly in the face of 1iniimiod1 Iled el fri s dw-

to reduced order filter models. Slowly varying parameters and jumip chantges in tlte paraiiit ens (4

interest will be explored as well as stationary paraimet ers. If the addi tion of more st ares is Hiin at el

the work performed by previous thesis efforts will be repeated with a new fillter 1fruicthire hlSed oh1

an a fpfropria toly hiighier di meiisionial state vector.

Th'le Qj and Iij mjatrices wvill be varied ii suich a way thati a i.'Ii 11i111nL ,I r;i1tg\ c;l

be etbli shed. Previous offort~s concluded that the timing of thlese unitrices are criticalI to tilt

robuistiness of the coiitroller [15, 24). The previous research also coiicl uded fiat t lie LQ reg~I(l o

wegihing miat rices- are also critical to the performance of the coiitroller. The previous research

iscI a tuin ig fprocess that. may not be practical lin all cases. Qj was field fixed whlile R,., was,

varied uint if best p~erformaince was obtained. Then Rf was fixed aiid] Qf was ciaiiged. Onoe Ili

values were fixed [i t his mnniier, the remainder of the research wvas performed. Vai Der \\erkeii

expierienicedl (fifictilty in thue tuiiiing process: Rf wa~s ap~propriately est abl ishied as Bq plus add itioiial

terms to accoiint for thle impact of the 18 uinniodiled states (,this will be discussed iii detail in thle

following chapters), but, Qi was incorrectly equated to Qj as Qfwas varieif to accomplish t ining.

A wvay to performu trute tuning of 9j and Rf shall be incorporated into the softwvare, and ft( letuniiig

philosophy of Qf and( Rf will be researched. lin add~ition, once fte noise iiat rices; have beenilmd

lie fprocess of t iitii thle LQ regulator weiglitiiig mat rices will also be ealuated.

Inves igat(ii f ldifficuilties eiic:oiiiitered( by p~revioiis t hesis research Ini t iiii tilie weight hgl'

nuatres will be, conutiiuied. Once the weighting matrices have b)en t inedl. the fuarattnete~rs wvill be
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ill~meil to traverse, flit, laraiiter space slwyto 51ud ii( abe lility oft NI NALMIC grtli

I') iiiaiiii;ii colit rid1. J u11111 chlaniges iii t Ie( paramieters will also be Itivet Iigaieil.' li aeramieter spaie

d e'ciet i/at il Ilt sl will lie evaluated onl thle batsis of Lash lee's recoiiiieidait lolls [151.

aIlliS ohbserved t hat fio' pararieter identifying capability of tie est imtiir w;ls 1ilei l

drlriicrei i/at ii of ft(i parameter space [15: 115-1 171' The (llicr('pl~Il 11i1,PIz1I

li is t di viijii hvoldinig oii i;irauieter constaiit :ii1d vlrvit ig fit- (I li t r Ill Ili

tint i tIldl. riii flit, data gatlieril from a sinigle filter fromi the batik iiiitclil ;i2,;iiiiet i

llitir itli iii lI. riis error plots art, used to doeriie the" discrt'iz;III~ii vhws tli~lit. \ild

a gi %-eii percenit ;ig2 deg rad: it ioi i Ii theI( likeIhIood (IIot ieiit g Iveii I) N V Ii iii m 1.22 ). lim It,

lI -w[II zatito IIs t ;Ih!jIs IIed such I thIIat thIIf e leentalI filIte rs (an d -oiI roll Iers) iii I Ie wbiiik OI r-:l I I

dist irigiliable, froiii oiie another onl the basis oft iwr residual chiaract etistiacs.

'[Iie reiiaiiiiiitg chiapters of this thesis cover the following areas. Chai~pter 2 d v dIsth

ilgorithiiiis uised inl fte NIAE and~ NI NIAC' portionis of this research. iiiiluiiiii (oleCIi(ii Igi

tIvi 0 111 and ( ex p; I I II II g/ coIttract it ig theI( batik of fiIt ers/cont rolleIvrs. The inodellitig of ti I IIar -,p;

,II'it tr. tie tw-ii truiss st ructure, is developed ill ('ljeu r 3, iiiuii~iioi 'iiii'11 dh

this thesis,- will ho' s.pliil if) Chapter 4. Chapter 5 presenits the resltsl Id Illie \si % it

colie.spotpitg cim uiusious atid recomnteudat ions presenitedill Ci halter 6.
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II. I qn'ih III c' lOp II /it

I Lii.I~l'lII-I r Ithel~ conitriIol of ;I kr-.t, .. j Irur r', MINMAI, \ NIAI(

19- r-. It,I \atII l),r Wi -r kci [21:2:1- 1:1. Th Is chate r p)restIIs tI I l]pIiiit jI

'Il I wI.it II II I h. jo)lificat ion from11 thle previonis efforts, N ew 1isne afd// wi 1ius , I I 1:

i t Iil,-i ' rest-airch xv ill be st rcsoet.

2 Bap rsiau lIaIipI. ll10,I , I ulrphi ( I,'titani i A.-gi irtht m M) v( Ieopmi t

ll I,;sjc (If'\r()elolvtlt of tin1 N1 N1\l a ;lgorith 111aN~s r-111t in IIItti r ii

tint rioil Is pre-,nt, (I for coinpleticns. AtIlioroigl treatmewt (X lil ijhj, -,it 11 pr' 1i- I,.\

MNi.\Iwck [19: 12.)- 19]

'I 5 IJ "tIII I ,1,' i n ti c.1l Iga oII I. CoitSidewtl to i) 1) :iIt -q Ia t Y I ti 11Ia Ii' Ii.ar-

fr, -I ( wh ich ot-asuit ts aIre It aken hy sampli ng via thle linear relat ionship

A, (;I- I ait r, Wj ;11u11 v at. assttttu.'l to Ib- ittI-1 cl-"Ilt ()f -tltIclit atndi.

xli 0 ,arusia li~~-tt- I n-lois- prwcsses. lTe statlis of iltrr'>t al"':
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1I V(ti v "t ,)) = 11(I, t J~f (2.A)

Mol ii Q;(1,) Is J-Itiv Seiiifiiiitea 111( i) is positive defiiit for ill fIll. '11"Iit:I nr f rItili l n'I

11i, t ;it i., 11t ,,I wI In Iv kI IowvI I wit I Inltsoliit " cort alt I y ii is k 's-r I, I d I I in I, ;it ,4 I :k I sI: I n

Ii <q I I o I., (- s I i to heQ i1depeliletit of w1j nm1l v. '[lie n-II(:I in) xitit'

al nItty i it kms provide at st arting poitlit for olistrvitig t ie( sys stein of' littlest 91: 1)] h,

Oi '((ltatins hin~i hItet ipti'st-ilti' with little e-Xpdlati)on of lie actuanl vnrlIbihis. lhe xiju~

of ititeres t to this polit are [15, 213:

* x(l, ) - o~--ii'n'i)i;lisJ texc

"*( ~( t t~, = ,It;It tIr'iI Is it i,)I iiit rix w Itijcli t rniisi t ints t Ilt( st;ItI' l'rtiii I t t4

* W', ) - diiintisiiii whit', (;aiissbii dynmnics drivinrg lt'veito

* Zi t, ) i-timtetsiitnal mea'suiriemint victor

* ' 1' i niti-iisituiil wliite (";iessiali fili1siirefitilit ii(tis( VcCttf

iitly - II, miirt ;iiii Ipiratin'nrs affec(t any- or all of fte mat rices describedl aboive. Thei lprpoo otf

t-w Iltivesln 'silmitiit)r is to ('(ltiplite filie Coniional dentiit funict ion:
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w\ll I 11 1 Ite c IIii ,ilalI t lIs It y td x a I ( a giveil thI e iia ue Itt lii-tory tlIi)i2h I it, ciirv,-iit Ii w

Z, I Ir" Z, is oI pt ,I os f part it ilis e(I alI tot the( realI Izat Ioil., of' z(/1 ) z(/.-, ,. z(1, If"

Ilw ;."li i ii tm' l. tli, first dllusit,, i the righit ha d s e o' qtii( i(2 0 1,v 11

I 1 p~raiwirvector a can assme valties inl the cont iuuoius range d'-il I,%

111:11 It Iweo i I m d \\l N V il l. or it miay i nergo Jump cha I 1.)12 11. 1lIb iiti , .I a

M,_, (-,)ll lillHis WOUll as a prolleunl colrnIptiu~t lollal lv sinice the( calciilatjoiis., I F(11 :it 'l

2.7) would require ;Ili Infinite tiunbir of separate Kalmian filters andl integral Hil. t hat wull iiik

olhip .< of the Bivecsianl estilniator prohibitive. ITo allow online comuuiit;it iiil, tIll pain Iltc

spa iscret izel . 'I'e( uncertain paramecter vector might be reasolably leftil his t ;kiii1"l.

id I he values. Mi t he filiie set {aiwa,,.. aK), where each discrete value Is closti For ,pl Iiuird

pt iiaice of' thel cont rol system. I'lie, (iscretizaf ion of thle paranmeter sp~ace is (ill( of tlsilu.jcl

if* hIls t isi s e.ffortl. Each discrete value ak has anl Individual system model associated with Iiit

refiturilig reconupuit atioti of Vqiations (2.1) andl (2.2). B~efore ilie calcuilat ion of thi coridit owda

iiw i an covarlatice of tlie Ot system state is presented, thle liylot lev ss if it ioiialI prol i lit

%%ill w (fflfd

Th- hvypt Isis coriditloral probability is ilfitiel lby

Pk P1~ -I P'01)a a I ZUt, )-Zi I

11 - (iip~(,. (2.9)
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Nhich .11lShws tha~t the codit ioiial probabilitN of tile k-th Iiilter beiing thle iiiosi correct filter is Ili

pn diwt (if the prohailility density of the( miost recenit mieasuremienit (for a giveni tiscrete aissuiiil

p~trainit(er vailuo :lfnI thle observed iiiasiroeiieit history ) antfit(th oreviolis, ot iiitjil hr tiht

ii'd Iy th e liiihtlie K~ iiobhilily deiisity ;,iih coliiolial pmohalili tv pfr lict (Ithe 1Iiil

thfn IAUt)'s to sa to one for all t,).

li'state est inate produced by theit est imator b~asedl oil t he as55iiiift [il ht lala. Is t liec rp I *

p~i ramiteter vector Is give byi1 [19:131]:

Xt -11 ~ t)k~ (2.111)

Ki

Tlie slate festuiliale is dwu simlu of all the probab)Ilijsticallv. Weighted est imuates gu'rauted hv Ill

A' tKaluaii filters. where thue hN pothlesis condhitionual probabilities Pk(fi ) are leoigu u~g butts.

'I'l" Coniditijonal cov;iriaiice of' the( state is calculated ti a simuilair fnshioi., ignilii wcghth 1,\ Ill,,

livpothlesis coniditijonah probabilities, anud is given by[9:3]

P~t+) = E{ [j(1j) -k(t+)] [j(1j) - k(tt) T  Z(t,) Z

Z ~ ) +[*k (I ) (1+ )] [*k(tt )-X(tf ]+ (2.11)
k=1

'hew Coundit ionai 'oVNurianICe Pk (tf ) IS thle "state error covarinice" associated \\it h I hue 1\ln;iu I f il t er

b~shon tie( paununet('er ;1k. TIhe coinditionial covariance is depeiideiit onl thle uIeasreinIt ljtu

as shuownu [i Epiat ion (2.11 ), and~ therefore is riot precomluotable. However. iuejt her Is it ahsoitely

r, uie for online utse of t he NINT 1A algorith.lii

Thle multiple model adaplttive estirnation algorithm developed above is aii adIapt ive filter anud

2-4



to structure was showti in Figure 1.3. The discretizlt ionl of the conitunuous paramleter 5j);jC0 iii o

aI limuited -,mbelir of points makes online use of this algorithinn feasible. As each miea~tjc:,wnt z,

bIconies available at timhe t,, the Kaliman filters generate residluals which are tied ol genlerateii

hvypt liesis coiidit ltal probabilities. WithI this Iiiformiatioti available, ak a- Zi -

il i quat iii ( 2.9) may be compiuited for all k ats:

iv~Iu (Zi I ilk, Zi) I {)t 1

whbore thle 4-th IKalmuan filter ge~nerates Ak (I,) as

Ak(ti) =Hk (/1)Pk(/7 )H(1 k + 1 1
k (i) (2. 13)

Ili Kimplemented filrers tHils provide the terms to evaluate the coniditional probabilities req uired

to (leteri ine the state of the system given the current measuremnt. Usiig Hte weight intg t ecliliquo"

soiln it Equations (2.10) and (2.11), the state estimate ix( 1 ) is generated.

Thle ot her st itat e that may be desired or reqiiredl is t hat. olle I i a'II Ctov 0! H0

coiiljt iolial tnwai of, tlie, pil-alinter vector at tInto tj is given by 19: 1:12:

a(t, Ef~a(t,) I Z(t,) )}

EZakPk (i (2.1-1)
k~l

'I lie rovari aliceof ic estimated paranmeter vector gives an intd icat ion of thle precisiotn oft lie est,inmate,
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a I t can 1 be ( st looII t d4 v ia [ 9: iTI3 ]

K

k=1

It should be noted that ineithuer thle cac' Cnc'' h orlmtr\s iet r n 'l;Irl;1IT I'''

the paralieter est iiiate are required for the calculation of thme state estuiiie~.

Vor thle caeof ion-varvilig paramieters, the NINIAF 110s beeni shown~i 1,, he opt ii~il :

c overge [7]. The situnat ion examined by llawkes and Moore showed that thle NI NIA.\ comi vrge I to

thi filter t hat mlatched the actual parameter or was closest. to fte true (7ailtt ]. '1 hein~il

tusos (lid not devolop theoretical results for the case of varying MI'aietei's [(;. S, 11. 15. 2 1]. ()1,

of tie concern-,usmle by the previous theses is that the filter nlay con Vr" e I I h o i pa:1i1 hT

value and( lock onl to that value. If the real paranmeter remains at thmat loatin olin.t itter \\,ll

perihurm correct ly. IHowever, if the parameter is likely to vary, thme filter wouild be of little Ill i

providing a state or parameter estimate. Dasgupt a and WVest phial showed that thle al.-orit in miav

converge to the wrong parameter value for the case of unknown biases in the mneasurement process

[5:6 1.4-6 15].

To prevenlt the prolemiis discussed above, the addit ion of dyiiaiiics psi'mdoiioise to lie

model is used. ''E.-ssenltially, the domninant aspects of the dIyinamics are Included ini thme molel.

a me one accou nt s for the nmaimy neglected effects by introdumicing add~it ional unicert aiiitv into thle

mod el" [19:25]. 'lhe lpseudlonoise is added to each filter. The dliffhculty of using t his approach is

how much psetidomoise to add. If to(- iumch pseudonolse is added, as Inl the case where Qa is ima de

airtiicially large to account, for the inadhequacy of thme propagation iiodel,. thlen thle propagaion

equiations may inot. reimai n usa ble for onlinte calculations. Thme addition of excessiv dIri vinig nioise to

the, tmodel will mask the difference between a goodh amid bad propagation iiiodel. 'lw addit ion of too

little dynam~ics driv'ing noise will give an unrealistically "perfect," perspective of the dynamics umodel

and caulse the filter to ulse the model's characteristics above any rea.1-worlui nmeasmirememt, inputs.
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IleMNIA F algorlihiii ias the addit ionial burdeni of using this samte (lyniicis nlo throiigli'ii

the filter space for t(lie, Imiplemenitationi used in this research. 'Ille tuiinig of' Q1t iiaY be ific~li t o

acl I I we wit h a. sIin gle(-%,alIued Iniat rix .

Thle select ion of adlequiate measurement noise is not new to thle M \!AHI/.\MAC alg-orj ti lwi,

hut is a IKalmuan filter probleni in geiieral. Consider E~quation (1.13i) which jjrovildcs thle K'1i11ii:ii1

filte-r gain. If R. wvere set, to too large a value, K (or at least many of Its elceiieits) would Ieiid to

"o to zero, causiing the state propagation equiat ion to stop using the residnial iii cli gii hgle va Iije

of thle states. Likewise, the state covariance would also remain relat ively tuichianged dueI( to aixi

small IKalman filter gain value. The filter must "realize" that imuperfectionis iii lie (lvnaiiiicsllmo

exist withbout being miade useless in the process. too.

If a p~articuilar filter is inearest to the true piaramieter locat ion, tHie rceidluul lioui 11; fiatlft1

woujld be expectedt to be smallest in magnitude (relive to the filter-coniputed covari~uice, AA of

VEquations (2.12) aiid (2.1:3)) of thme active bank of filters. Equmiat ion (2.12) would thlin provie

lie la-rgest cond(itional densi ty value for this filter and when appulied to Equat ion (2.9), woti Id

uilt imately yield the highest probability to the "best" filter. The two equat ions mentioned show

that the filter's performance is dependent on the differences- between the residuals of thle filters in

the bank. Thus, it is essential to ensure, by the manner of discretizing the lparaineter space and b"

he means of tuning each elemental filter, that the residuals of "good" versus *-bad" filters have very

(list inguishuing characteristics. The value of Ak would begin to dominate however if the residual

valuies were of the same magnitude. Under this condition, the Pk's are (dominated by the A. since

lie residual values are equal. The conditional density then becomes dominated by the filter wvith

lie lowest Ak arid udiverges. "Unfortunately, no rigorous general proofs are available concerning"

lie asyniptotic properties of the hypothesis conditional p)robalities" [19:1331.

Previouis t heses prevenitedl filter lock by fixing a lower bound omil the /,1 [6, S, 11 , 15, 2.1]. Il(

hypothesis conditional probabilities are monitored and when one or more probabilities faI below
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the threshold, they are set to the miniu m and the entire bank rescaled to maintaitn the unity sul

of lie probabilities.

2. .1oving-Bank Algorithrm Developinent

The .NIMAE filter algorithm presented in the previous section preseilts a iiliiiilse , p,,

talional burden if imiplemented in a full bank form, i.e., a Flier for every di.>'cte point ill ill,-

parameter space. To lessen the coml)utational loading, the technique of a maviiug bank oflirs

has been investigated in the previous theses. Maybeck and lentz performed le original research

that has direct application to this thesis research [22]. Their work showed that the full L);ink of

filters could be replaced by a moving bank of filters that could follow the changes in the parameters

of interest [15:27]. The techniques examined for moving this smaller bank were briefly discussed ill

Chapter 1 and are presented here in detail.

2.3.1 Movingi the Bank. The moving-bank MNIAE is a subset of the full-bank NINI'A.

Conceptually, the bank is centered around the best estimate of the parameter. The knowledge of

the parameter may be uncertain a priori or the parameter location may change. The decision logic

•.;ed to move t!.c bank is critical in these r. I:stic cases [8, 11, 15, 22].

2.3.1. 1 Residual Mon-itoring. The effect of the residuals oil t lie calculation of thle prob-

ability density was seen in the exponential term of Equation (2.12). The exponential term contains

a quadratic factor of the residual vector and Ak, a function of Hk, Rk, and the covariance of the

state estimate of the k-th filter. Let this term be defined as the likelihood quotient Lk(ti):

Lk(ti) = rT(ti)A -1(ti)rk (tI) (2.16)

Considered in the scalar case, the likelihood quotient is the ratio of the residual squared divided

by the filter-computed variance for the residual [22:92]. Consider the effect of the parameter
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twing outside the area of thle filter. The residuial value-, would all becomue larn mel rve I Iw A_

likelihiood quotienits high. A preset limit could be deterinued through perforumanice evaluations

suchi that, wheul lie smallest LI, exceedIs some value T, aii appropriate filter mfovemienit act ion

could( be determined. Additionally, the filter closest to thle true parameter shli d have the si ed Vl(st

likelihood quotient and thus provide an indication of' where to move thle baiik.

The use of'residual monitoring is limited however to sit iiat ions where t~t vt'iis iot nIjct

tsigl large saiiiples of measurement noise" [22:92]. Examiinationi of IEquat Cli (2.11;) show-, lit

Ii' values of Lk.(i ) would all rise appreciably in the face of a sudden high vaine of* -*(I,) wichi

;ill;cts thle residual dhirect ly t hroiugh the realized nieasiireilelit value.

2.3.1_1 ParaWftr j'OS~hwt IffOi ioring. Equation (2 1H) gave an cxprcssioii f'o r

c-T iii iat ed parameter location based oi i le K discret ized paraumet er locations an i h ypot liesis'C 11

(litional probabilities. Thle estimated parameter location is used iii this techiuie for deteiiiiiiiiig

where_ thle center of the bank should be. If thle parameter location b~egins t~o move to thle edge of thle

curretnt bank or to move to some predetermined distance from the current center. thlen the decision

to imove the bank could be made.

Reviewing Equation (2.14) shows that the strength of tis technique Is thlit if riles1' cii a

history of measurements rather than just on thle single curreiit measuremienit. Ilowever, while t his

techniiiqiue is not prone to the rneasuremnt noise problem of residual iimoultoi ig. it (hoe~srei

a priori knowledge of the parameter location or at, least sufficient k now leidge to pl1ace lie ranlig of

he bank around thle true parameter location. For the case, where the parameter is not inlit ially

known, the bank may be set at, a very coarse discretization that covers the entire admiissible ranige

of pararneter values, andh then changed to a finer (iscretizat ion as information about, the paraimeter

is developed by the estimator.
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2..: 1.3 m~ozi (I I I'o I)o a id "I 'clocity - fL.sli it af Mull I I(,ij liIii icliifiiil

;111 OXteti'i0ti of the proviouis parameter position rirtoritig techitie. If I he paramctor Is ar.ing

slowly, the po-sition anid -velocity' Canl both be mntitored. Thle parameter vclocit v is the cliatig

in paramneter loca tion between sample periodls or over an ext ended pteriod of t imte. The xcloci Iv

vector could be used to est im[ate where thle parameter will be at the next sa mple period. If' ti

predIicted location is out side the current bank of filters or beyond a certain criterion (listanice from

ie( current center, lien a move of th L bank is indicated in ft( d (irection of' thle velocity vector.

2.3. 1.,' Probaubility Alouoloun'Vg. Mlonitoriiig tie livpothe lcrn' ondllolona prul'al h 10

geiierate(I lv Eqiuation ('2.9) provides insight into which filter is located nearest tie true laramir

location. Using a preset thlresliold , the bank can be moved in the direct ion of lhe filler provi dlingth

lmost correct, parat neter ak, i-e., tHie one wit Ii the highest .1k valute. 'Ihe( banuk se ks toc(eiit I ils I Al

thc filter which is based ott the most correct assumed parameiter value. As, with ltrauiirtio po)>ut

11111itoring, probability moniitoring uses a timre history of nicasulrelnitts and i.s les s)usccl Jdll1

radical changes (Inc- to indlividlual large realizations of measuremenit nloise.

2.3.2 Contraction and Expansion of the Bank. The size of the batik need not be fixed and

the b)ank filters need not be at adjacent. finely discretized points in the parameter space. If the

active filters are not, associated with adjacent discrete paramneter values, the bank behaves as a

coarsely discretized moving batik. A coarsely discretized bank was illustrated in Figure 1.7. 'Ile(

est ittates providled by suich a bank may not provide as accurate estimates as a batik where the act[\ye

filters occupy adjacent, discrete parameter locations. It does offer a higher probabilityv that the trule

paramteter location will be within the bank however. This is a good attribute for itiitializat ion1

of thle moving batik since initial convergence has a higher probability of occitrrinhg. Maiv bck amid

Ilemitz found that an initial coarse (liscretizat.6on of the batnk inproved paralnieter acqutisit ioul [221.

Thle b~ank maiy require expanision fo-r the case of a juip chltge of' Ole plaaimer locatiole,

Usinrg resid ual mi oni torinig, the Jumnp change is dJetected an(l tbe hank expantded. 'lThe Iikcliltood
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rtts of' th e inrp)ltrrreited filIters are expected to he large. exceedig So Ire (, t1I rrtsInl(dd, I Is rIrIg rc';sI Iial I

monitonring [11:2')]. Once thie bank li~rs b~eeni expanded anrd a iww parai wt r kcat in (,t, j nit

rra~de, tire bank mrrar thenr be coit racted around tire new locatiron anid tire aigorithIn proceeds wit in

nwest irrat lolrs arnd control irpu)ts as before. W~hen tire hank is coarsely (liscret rz-d. ilionrtorinr'1

ilne parariet er estimation error cond~iiornal covariance, P,,, providles anl inicaion whenl to t'oni n':r

Hit banrk. When ire( norm of tis riratrix falls below sonie chosen thrreshldi 'tie bank -;ril I),

conrt ractedl about tire parameter estimate" [22:92].

iKarnick proposedi an alternative ietirodni i wich i(re oanbility \ f a d't il, In'' lk -,%;I,

mn onit ored such thIiat

E4deli (ids.17()~

is tire probability associated with each side [11:27-29]. The thbreshrold logic fOr cowtract ing rind

exp~anding the bank are also given. If thle side probability falls below somte ti rcshll t liii ill Ia' i'

is conitractedl. "((iornversely, if tire probability associatedi with a side' rist's altr mw

te remiainring three sidles are -nmoved l i' "' [11:29]. The thbird ptossibtility iriolvt's t'vaihrat rig ;11 l in

side~s. arid wh'ien the sum of tire sides' probabilities fall below somie threshold, t lit' barrk is, ('out raie'd

2.3. 3 Inilialisa fron of New Elemrren tal Filters. The issue of initial izationi of niew eler rt'r at

filters, after the bank has been expanded or contracted, has lbee sttrtieul by liltZ [8:26-30] arid

JK;rrnick [11:29-32). Tire teclirriqires developed provedi to be cotriittat iorallv lirirs'o. Sirict' Illetrs'

apnpears to be rio loss of performance fromn thre equal redistrib~ution of thre dliscardled filters' itrol-

arbilit ies among tire new filters [15:36] , this will he the method usedl in this thesis effort. For tire

case where all nine filters are new, the probability will be dividled equmally, i.e., 7)A for all k.
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2. -t Shwohi .,fic (onhth r It-sign

I othI the rnov Iiig-barik and fixed-batik NI NI A E al]gor It lin is call be used( wit I i severalI she(i( I inI

controller designs [20:9-20], [22:93], [8:33-10]. The -assiiimed certainty equiivalenice doeMsrn'lint

o gvpresented by Nlnybeck [20:2-11-2-157] will be used. As a formi of feedback conitroller sylit lsis,

tolitiique. til, iiietliod Separates the controller into the cascade of an estimiator and a deterniinw in

opt imial cnttrol function. This method is also known -as the( forced or lieiirist i certainty eIq1ijV-

alonce dlesigin tecliiqne" [20:2.1 1]. WVhile this technique leadls nat urally to MM IAF1-based cnait id

i tli x of Fi.,-iire 1.3 preimiiltilied by aI sinlle -:mli -G,(a) e~iiiiit'd ,Ii tilh"ii Ill,

t imited paraiiietry tite iiiieiiienitationl usedl ill this tei i NIM'tAC ('iir''. Mihon r

differs ini the iiiphoeeitatioii of the controller: thle Strruct ire shown iii l'igiir t1.1

'te est imiator for this thesis is thle moving-bank N IMAE. The syst ens developed for c~inb

paramnet er locat ioti are asstrned to be inear and trime invariant withI stat ioniary inoise. 11wl( est ii iit

of tHie state is propaga ted withi the previously dleveloped eoulat ions ( froi Ch(7 apt er 1, Equiiit ions,

(1.10) to (1.15), and tin this chapter). Likewise, the systemi is ulpdated ulsinig tIt(e updat e ilatioils

developed previously.

Each cotitrollher developed is a litiear, qti1a(l ratic cost, fuill-strat e feedback olptimial (let erimimi st ic

coiit roller based nupon a specific asstinedl parameter value Of aj. . Ilecs0egtn arcsi i

(lii hrat ic cost, are coiistaint, aiid thle error state space formu lationt is time Inivarianit [118:29]. [Ill(e

outplit, of the( cointroller is desired to be the optimal coiitrol fiiictioii, i1-, siich thatth i iai i i

cf-s , fi iict ionl

J L E [XT(t 2)X(j,)1x(i,) + 1uT(t,)U(fi)!u(t,)3 + Ix~ X v.IN )Xf!C(tix; )} (1)

is iiizedh [20.10]. TJhe variables in Equation (2.18) are:

2-12



J = cost function to be minimrized

X = state weighting matrix

X = final state weighting matrix

U = control weighting matrix

A, = number of sample periods from to to t',,-

tx+i = final time

Ix = last time a control is applied and

held constant over the next sample period

If tile assumption of a linear system driven by white Gaussian noise is uscd, wit h a qu;adrat c

cost function given by Equation (2.18). then the optimal const ait-gair dliscrtt' li1cr. 1,i,.rl

control law, assum ing full-state access, is given by:

u 2(ti) = -G (ti)x(ti) (2.1))

ThIe full state access is replace via assumed certainty equivalence by the state estimae provid',] IY

the MI AE elemental filter associated with the controller, each beirg based on a slecilic paranmi,,or

value ak. The controller gain is given by [20:16]:

G,*(ti) = [U(ti) + BT(tj)K,(ti+I)B(i Ya( )K,(ti ) (t , ti)] (2.20)

wxhiclh is also part of the solution of the backward Riccati equation solving for K,.(ti) [20:15-t16]:

K,(t) = X(t) + I (t+l , ti)K,(ti+l ),(ti+1.ti)

-[,T(t'+li)K,(I,+l t)13a(ti)][U(t,) + BT(t, )K,,(t,+l)Ba]- 1 (2-21)

[Bd'/ )K, (ti+ 1 )4(tj+l, ti )]

2-13



;I. o~lwd kickward front tie( teriiiiiial cotidlit ion.

lbt select ionl of tilt, weighling mat rices found in Equiat ion (2.18) is iji ioit it d -let i 1IIj

tli. performnce of*(lie controller- By choosing ant appropriate X, tite imnportaince of itIi;iii iiig Ilw

stir acliire's rigid hodI posit ion may be stressed algorithmiically. The use of a diagonial nat rix wi

large %-aluies emphasizes thle importance of maintaining the states near zero. 'I'l( ie put weigi t il,

tit t(rix mus~t also he chosen with care since it influences the ainoiit ol conltrol iiiergv' t w coat rolle r

is allowed to use- iii order to acconiplisli the( pu-rpose of p'ope)(r state coilrol. ftw tha~re it Ili

idividual states are allowed to vary during the sample periodl. Tuining of til cout ml anid taitc

weiglitiiif matrices "is usually required, in analogy to timing of Qd(tf ) and tif,) int liw [k1alnii

filter [20:10-111.

Trhe relationship given in Equiat ion (2.19) is also the solution for thle (let en iiiist ic .Q optit mll

(lit rol problem %%,it no drivinga noise. Since we are assumniig that tilt,'Nsst('iii is III '~-Irl (,d

iti1d olV nloise, corpm ieasiiremieiits are accessible versus 1 a'rf'ct kniowledgc )I the stat. tilt

s tate used lin Equation (2.19)) is replaced by the state estimate x(tt ) provided by tie( eleliiieital

fIlter based on thle paramiet er valule ak. As seen in Figure 1.1, once thle st ate estli aat~ioi bias h een

passed to the controllers and the hypothesis conditional prob~abilities computed. thle coiitrol inpuits

are, multiplied hy their appropriate probabilities and then summed to prov'ide a control input. to

the, system.

S2. i iii Sm ar-y

T'le algoritim s for thle moving-bank NI MAE and NI NTAC have been developed ii tiis chiapter

The iiiovinmg-banik MMIA E shoul d provide a substantial comiputat ional savings coimipared to t lie, fli II-

banik implementation. Tfhis comiputational cost savings is carriedl thlrotigh to Ow licoutroller, sHie
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I) I I I W]'t WASI t at i I -systemi of itterest -oil! hu e hceri I) e ini a I War Iit ~tutr. Wi ( () l illu

au1lIuupt )II, It, ue ucuheu wo~uld becoint, ext renINuh dificujh to adnss with1 all euu-hirue coiut rI 1"lr

'Il' Iet d ipultr dcviu(pS thuo hlueat muodel us~ed III tis awl prexlous thus'>.
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con "Ist an't Iix ii st IIlfiiess inat r Ix

II( trci u cc.

If t IeI( exterial IdIis t iirbaices are assuimedl to be wh-IiIte G at ssi an itoises. t hwn V (It iat, Io[ (p.1I) is,

changed to:

wlwI [c15: 18 ]

u( I) r-diiieiisioiil vector actuiator inputs

n x r iiiot ix identifyin g posit ion anii vel,.oc.ity

relat ioniship between actitat ors and controlled va ciahIdes

w = s-din ensional vector representing the dvia i ics

dIriving noise, where s is the nuniber of iioise, inpluits

= 7xs Ii at cix Identifying position andlatiiioi)

b~etweeni the dyniamics driving nois-,e anid coit rolled varlail,

If the states of thle system are taken tc be com~nosed of the posit ion andl velocity vectors, thlen

Equation (3.2) may be written in state space form as [15:491:

x = Fx + But + Gw (11

vir lestates ;I[-, stocliat ic pr1oce(sse's siiice they are driven by noise as \N,11 ;s ;t drti-iiiiit ic

Inut hie state vectoi is given by [15:.19]:

[li iiicrtaii i uraiiieters eniter the maitheniatical miodel v~ia thle iiiat rices Inl JctIil;i ion (3.1) The
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svsttiii iiiatrices are given byv:

Af'bxr JTh ( .ir

G ~ 1  n.I2 3.7)

One, of lie assuimiptioins taken in this thesis is that thle neaSU renieiit nieliter tile sSW lIII

'it thle samce location as the actuators (thrusters). This assumption causes the g aid b matriices,

and therefore G and B, to be equal and the dimensions r and s are equal, too. 'The locations of III

actulators are shiown iii Figure 3.1 and are discussed in detail later in this chapter.

The, sitts rw posit ion and velocity contributions of the various rigid hody an ell,1iidiii tiodes

to phlysical posit ion and velocity variables at arbitrary points on the st ruct uro which are nieasuued

bv accelerometers. Thle accelerometer outputs are integrated once for velocity and integrated againl

for position. Since the velocity and position measurements are derived in this mannier, the posit ion

and velocity ineasurenients are co-located. The co-location of these measuremient s would Imply a

In glily correlated noise measu retment matrix, R1, and corresponding non-zero off' diagoiialIeeuns

However, for purposes of simipftcity, RI. will bie assuin ed to be diagon al. T[le actual mneasurement of

ihs" %;1vs wvon 1( he tra nsformied via an analog-to-digital conversion (A DC) so t lint flic ciumtter-

liIplemiented control algori thi can be used]. The A DC process has inhierent errors dutie to ftinite

wor lengthi. For thle pirposes of ti is thesis, the A DC error is assinmed to be si nall aimd will he

accouintedl for by inicreasing the measurement noise matrix RI.
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1The model of the ineasurerilent of the states is gi ven by [11:41, [15:50], [2,1:47]:

{ Ht m Irx2n ±(ts

in = number of mneasuremnents

v an uncertain mneasurement disturbance of ditntsi i

in and mlodled~ as a zero-ineat whtite ( atisi iioi ,

of covarianice R

ll, positioll measurement matrix

III: velocity ineasuremnent matrix

Since the position and( velocity measurements are co-located, H.,, III- Tfhe equations are7(

highly coupled, that is, the equations are not independent. This situation is not desirable atid

thlerefore modlal decom position is used to transform the sets of equat ions inlto0 independlent nfodal

latit lo is.

.. 3Modal Deco ni positioni

The eqtuat ions just developed are transformed into a systemn of equations llhat are( decoil I d.

ITie general response of a complicated system can be broken down itto the sun of n simtple

responses" [3:260])Th assumption that thle matrices are constant allows t ie tioda Il deoOMosit toll

to be useful . If the mat rices were variable, then the advantage of tusinmg modal decomIposit joti wonuld

be lost, [3:2652],

Following the research performed by Lynch and Banda, the damnping matrix is assutned to

be a linear combination of the niass and stiffness matrix [17:13:

C Al + /3 K (.9))
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Due to tie transformation from physical to modal coordinates, tie actual determuilat ion of (w aid

3 are not required.

If the modal coordinates are denoted by 12, the relationship between the iodl and physical

coorlinates is given by [17:5], [11:42], [15:51], [24:48]:

r = T2 (:3.10)

whre T is the n x ii t ransformation matrix composed of eigenvectors determined fromii the solnt ion

of [ii:43],[15:51],[2-t:48], [17:5]:

-'rjlT = KT :.1

Not e t lhat Equat ion (3.11) relates the itiodal frequency, wu, the mass matrix. anid the ,t ittness 11;Wt rix.

The damping matrix is not involved in the solution of the eigenvectors. The solution of 1 ad 3

are not explicitly found since they are not required for the modal decomposition. The values of '

that satisfy Equation (3.11) are called the natural or modal frequencies.

Substituting Equation (3.10) into Equation (3.3) yields the transformed state space equation

to [11:43], [15:52]. [24:48]:

1 c P +] 1 + W (:3.12)

where the state is now defined as [11:43]:

--_ (:3 1:1)

The' other matrices froim Equation (3.3) are also transformed and calculated as [11:13]:

T-0M-'KT -T- ' M-'CT

L 2n x 2n
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I ,,~aZK I (3I.15)

0

_T-'Al-lb

The open loop plant matrix iay also be written in terms of the undamped nal nrl freqieie',s and

die damping ratio or the i-th mnode. "becomes [25:1769]:

0 1
P [=I (3. 1;)

2n~r

Finally, the equation describing the measurement process may be rewritten as [11: 1.11:

HPT 0

0 HvT

The use of modal coordinates allows the following assumptions to be made [17]. [11:1.1],

[15:5,1]. The structural damping is assumed to be uniform tiroughout the structure. The datipilng

coefficients selection does not play a role in the undamped natural frequencies and therefore niiay

be selected based upon design requirements. The previous tLeses used a value of = 0.005) based

on work performed by Lynch and Banda [17] and as representative of many space structures.

The mathematics of the model have been developed in this section. The parameters used in

the equations of this section are derived from finite element analysis of the structure. The next

section provides a detailed explanation of the structural model itself.

3., TWo-Bay Triss

The two-bay truss has been discussed in general terms t.o tliis point. h'liis section gives a

physical description of the model used and describes the sensors ar(i their locations. The original

truss model was used to study the effects of structural optimization on optimal coiiw ol. It consist ed
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Table 3.1. Structural Member's Cross-Sectional Areas

Member Area (in')  Member Area (in-)
a 0.00321 h 0.00328
b 0.00100 i 0.00439
c 0.00321 0.00439
d 0.01049 k 0.20000
e 0.00100 0.2000
f 0.01049 m 0.20000
g 0.00328

of the two-bay truss attached to a fixed body [17:13].

• .1.1 Background. The model used by Lynch and Banda was modified hyv adding non-

st ruct ural masses at nodes one through four to simulate a more realistic large spalce struct ure. Th "

masses model various types of loads that might be found on a large space structure, such as fuel

tanks and control jets. The model was further modified by attaching the stitntur,, to a huh, witi

a mass much greater than the truss. This configuration approximates a large space platform with

appendages extending from it. This configuration also allows for rigid body mot ion to be examined

The rigid body motion is established by letting the hub node remain fixed and the truss move

around it in the x-y plane as shown in Figure 3.1 [11:47]. The rods connecting the truss to the hub

are much larger in diameter than the truss members, causing this link to be very stiff compared to

the truss rigidity. The addition of this physical link does introduce high frequency modes into the

system but maintains the low frequency modes of the original fixed structure [15:57].

3.4.2 Two-fay Truss Construction. The thirteen rods that make up the truss structure are

listed in Table 3.1 with their cross-sectional areas. The members are made of alumiinum which has

a modulus of elasticity of 10 psi and weight density of 0.1 pounds per cubic inch. The sizes of rods

k, 1, and v [ were arbitrarily selected to obtain a stiff link between tHe truss ;nd ii th b.

The non-structural ,msses are indicated in Figure 3.1 and are masses of 1.29.1 lb - sce2 . Th1is

mass is very large compared to the member masses, which achieves the low frequencies associated
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with large space structures [17:14]. The actual mass valies were selected lee d oni aji opthimiziig

technique that Ilia[iltaiis the lowest uidamped natural frequency (associated wit I t Ie lowest imd)

of 0.5 lIz [26].

Once the niasses were determined, finite element analysis was performed to determine thw

mass aid stiffness matrices describing the model [26]. The physical characteristics of thi Ir,

mnmbers, length. cross-sectional area, modulus of elasticity. and weight detisity, wore oval:1, ,1

determine mass and stiffness matrices with dimensions equal to the number of dgres of Ire Iie

associated with the model [15:58]. Since node 7 is fixed, the elements of the iiairices associat, with

this node are elimiiated. With three degrees of freedom and 6 nodes, the full model is re- ooseliod

by 18 modes and 36 states. lowever, only motion in a plane is being considered so that the syslem

may be fully represented by 12 modes and 24 states.

3.,;. 3 Sensors and Actiuators. A combination of gyros and acceleronietlers is used to pnvile.

motion information to the control system. Accelerometers are located at iodes 1 aid 2 as shown

in Figure 3.1. The accelerometers are not, located at the node of the bending modes being (letected

since the -displacement of the truss caused by the bending modes can not be detected" [15:59]

under those conditions. As previously stated, the output of the accelerometers are integrated otce

to obtain velocity data and once again to obtain position data. Gyros are placed al. the hil. node

7. to provide angular displacement and angular velocity information. Actuators are co-located

with the accelerometers at nodes 1 and 2. The co-location is done to simplify the systemii model.

specifically the measurement matrix 11. The actuators at nodes 1 and 2 are assumed to he thrusters.

The hub also contains an inertia wheel to act as an additional actuator.

3.44 Physical System Parameter Uncertainty. The goal of this thesis is to deternie whetlher

MMAC (:an cotrol a physical system with uncertain physical parameters. Ihie paraimelter sp;ace

is composed of 100 discrete combinations of the parameters of interest. he ion-structural masses

ald stiffniess niat rix are varied. The non-structural mass changes are inotivated hy relating this
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action to the depletion of fuel tanks on the structure, refueling of the fuel tauks (whwrc ww hrt

is being added), or weight being shifted from one part of the truss to another. The variatious ill

stiffness of the truss members might be caused by structural fatigue in a rod or rods or, in tlie more

extreme case, actual failure of one of the members.

3.5 State Reduction

The state reduction performed ou the system of equations developed follows lie work (hn ,.\x

Kokotovic, et.al. [13:123-12-1]. The nved to reduce the state dimension is due to tIhe l;Irge c,,i{,ira-

tional load that a 2-1-state system would place on the MNIAE/M NIAC algorithl. Aldifiorially. thi'

actual effect of the higher order states may not play a major role in the dynairics of le sys' ei.

This issue is addressed in this thesis by observing the effect of the higher order states ill a gradual

manner, as was explained in Chapter 2. The truth model contalis all 24 states. 'Th rediced order

model is developed in this section.

3.5.1 Deteloprnent. The general deterministic system is first reformulated as [11:52-57]:

x1 FI F12  XI Bi
- -4- U (:1.18)

5C2 F 2 1 F 2 ]2 X 2 B 2

where x, corresponds to "slower" modes to be maintained in the design model anil x2 corrspolis

to "faster" modes to be ignored, and

Z= Hi H2 I x  (.19)

If steady state is assumed to be reached instantaneously by the "fast" modes, the x, modes are

removed while maintaining the low frequency modes in xl. Flr and F2 2 are square matrices and

x 2 can be expressed in terms of x, assuming that F2 exists. Then the higher order modes may
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ht, expresed by [24:58], [15:621, [11:53]:

i 2 = 121x + F 22x2 + B2u = 0 (3.2o)

x, = -F2 1(F21xi + B2 u) (3.21)

Substituting these equations into Equations (3.18) and (3.19) yields [24:58], [15:62], [11:53]:

ki = (Fil - F12F22 F21)x1 + (A3 - F1-_F _, 13_ )u (3.22)

z = (f1, - tt.,iF,9 1
/)1 )x - fI 2 F.- l B,u (3.23)

The term multiplying the input in Equation (3.23) is a direct feedforward term crcatcd by t he order

reduction [15:63].

Applying the above order reduction technique to the original truth modlo )vM in m-&1)di

coordinates yields a new system dynamics matrix given by [11:54], [11:641], [24:59]:

0 I 0 0

-w -2 1w1  0 0

F . ..... ....... ...... ...... ...... (3.2.1)

0 0 0 1

0-w; -2(_,

The matrix given by Equation (3.24) has obvious partitions. The upper left partition contains the

low frequency modes to be retained while the lower right partition contains the high frequency.

modes assumed to reach steady state instantaneously. The partitions correspond to tie 1 aind

F22z partitions observed in Equation (3.18). Additionally, the submatrices F 1-2 and I"1 ;re' zerO.
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Sulhstituting this information into Equations (3.18) and (3.19) yields [15:6,4]:

i 1 I x 1 + T31 = F,-xI + Wu (3.25)

z [ 1 12 - 112 ) 1fl 2 11 = tfX1 + DrU (3.26)

where the subscript r denotes --reduced-order." The only term associated with i t high frc'qtiicy

modes is the direct feedthrough term in Equation (3.26). The other matrices ae found by t r',a tig

lie states associated witi x._, from the full state model.

Of the terms contained in Equations (3.25) and (3.26), Dr is the most complicated siice t he

other terins are readily available. Previous theses have shown that [11:55-56], [15:65-66], [2-1:59-60):

D,. -H 2 FtD,'B 2

0 H' 1 0 b'

= (3 .27)
0

where -the unniodeled position and velocity states are represented by H, and H' respectively"

[21:60]. The terms seen in Dr show that it is dependent on the state terms that are assumed to

reach steady state immediately.

3.5.2 Order Reduction Selection. For each location in the discretized parameter space.

eignvalues and cigenvectors of the unreduced system may be calculated from the syst eni dynaiiics

matrix ". Table 3.2 shows the average natural frequencies and damping factors associated with

each of the 12 modes of the structure for the 100 filters that were developed for time discretized

parameter space. 'lie damping factors are all close to the 0.005 value used as ali a pproxi iat iot ill
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T[able 3.2. AVerage D)amping Factors arid Natural Frequencies,

Mode Number Nat ural Frequency (11z) D)ampinrg Factor
1 0.000000 0.000000
2 1.415014 0.007617
3 2.941387 0.011020)

44.9-53902 0.00-5000
5 5.440887 0.005790
6 7.078 167 0.001720

79.119647 0.005000
8 9.872206 0.005559
9 155.113838 0.005116
10) 1418.481250 0.005000
11 1811.221250 0.00500-1
12 3 138.732500 0.005000

lreviorns theses. 'lie eigrivalires fall into closely spaced groups. For evainipdr. oiw grutil ofIh~

modes is seen iii miodes 4 thfrough 6). The thesis by Van Der Werkeri [2-1] was I lie only- prc% 1011,

wvork to use a 24-state t ruthi model, arid prolem~s arose when comnparing this to a redurced ordur

filter model. On observat ion of the frequencies listed itt Table :3.2, miodes 2 thIirough i S ar, all ni O

samrie decade arid thIerefore inay all play a role in thre perforrnct- of the controml %stemii, a lth, ir'-

th a mon t of ernorgv iii each tnode mnust also he considered. Van iDer \Verki'u r 'let o to i.(,'l

first, three trodes ii ihis filter miodel corresponding to a 6-state filter model a,, done ire'ion.>Iy hY

Karrnick (11] andI Lasllee [15] (versus a 24-state truthi modlel). As explained iii ChIapter 1, one of'

Ihe major goals of this thesis is to investigate this mismatch andr to udeterinre thre inrtirer of. sitrn'

inedcld to pirovide' adlequrate performnrce from the ININI A ElNi iAC for cotdinI Iirga lag- slam'c

st rnc t ire

T 6 S n nnary

Tire 21-st ate t ruth minodel anid the 6-st ate filter niodie t hat may be employed inr a Ni NiA( con-

troller have been developed in this cihapt er. The degree that the filter mrodel witl r eqire inttcnas'(

sltots to providie audequate performance is tire purpose of thIis thesis aind thre itiulat ion pdru to)

u'rrrmitnf t his increase is presentedi in (tre ''exf chapter.
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/11 mI c11 O(Ill

Tlie spaice strutture under invest igatioti is simuilated in order to stu tit of 'los

'St Iiiiatit'i and~ ('oltrol caitalilit u's of' thle MMNAL aiid \I.\AC technique itill or I. TOIt,'mi

I'" stati.,t cal pr('jei'tics of the ' stirlatioti/cotitrol process, Monte( 'arlo 1.,vsi 1,, pkm I

'IIH 1 f %vtlr sed eIi.-s Ili deve1lpd over a periodl ot \ars anid I., 'ItII 'l II I I k i l:jil I I k

'iiiiillat iii plan is presenited at the endt of this chapter.

The M\onite Iarlo aiiolv, Is pe'rformed by tile siiiilat 1)1 olt prr rovidl tII, SIlti-I ';iI Mi-

f 'i'iiioiu ab}ont, Ilie perfOitiance of the( MM\AE andI MM\A( aIlgo.rit ihs 'sl 'Ii Ii' p'v

cbultcis. If ihe svt'iunder iiivstigatioii were fully llinar, twn Coi;tIII['' ;o lvj ''iid k

ii.e'1 [I S:329]. However, the adaptive inature of thle NMA.E/NIMA( tedliiqujies wsed to cit oil tIw

lar' (e space struictuire req1 uiires the eiiloymetit of Monte Carlo analysis to ohtaiti mnii ailvplo.Sip f

Il rocess arnd evail iate tie( statistics of the process. As withI the work perfortm ed hy V aI D, r)

Wc'rken [241], the sitmulation involves two niodels: a 24-state "*truth model'' for icur;tt siiuill il

oil performanice evaliat ion ail a G-state filter modlel for algorithmn tesigili PII.1S Iw liii'.

i I'l .li th ailp, olle luschy irnick [111, Laslele [13], and \,a;Ii D~er \'rt[2 11 '1i1 2-st

11.111 ii us 'I w;I" '-.'.opel ili tie list t hisis hv Van lDer \\'rk'ii [2.1].

l'igiirf (I 1.1) shows a block diagrattiof the Mott C-arlo aiiailvsissiinuiiotioli whichl Isaoviui i

of t liat used lby V'aii Der \\erkeu [2.1 :(5-ti7]. 'Ihe( va riales of interestI are'

a ,() tIet( t i model stat'os: 24-dimtensional and Iii muodal ('oordihiit-.. tjrsut i'"t

rigid bodly title aid -eveti he'nliiig imodes
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X(1 s~ ( ili it't II( >vNst en s at es: ti-dnnncisiuiial a Iid ill iil)& a Ia I ailizil S. r' ii I

fit, 1,1141 h-1% :Iii tli il l ti st I wf ildilig illodes

*aj /2:ihtilt, reflreti tg Ilie st ructuire imass and~ stiffness parameters

I (t, ) estimlates of tile Iliciertajii paramelter vector

*et):the error Iii the paraineter estimate defiiied as Lt,) t,))

" c,( f, ): t[ie, error ill tile SN'steii (st imlAte definled inl E~quation (1 .28) ais:

!!,( 1 ) =Htxt(t,) - Hfxc(,) 1.1

Thisis a six-(liniir-Jaoial vector. comiposedl of posit iols andveotisotles mtn aars

I miid 2, aind at the( Imb, node :3. of Figure 3.1

* fit: tile tratfi Iimiel iileasiiriient matrix modified hv tllw variable A is dccli Ii

( I .:m

* 11f: t lie filter model imiasireimeit imatrix

N ote thfat, tile time argumnents have been omitted from the figure for claritv.

The statist ics of primary concern for the estimation error (and cont rol ) processes mi ay he

defIiid as tilie sample iiieai and covarianice of thle processes. Thme mean is (letermiiel by (21:67].

L Y

k~ I

vwre 1. is the ntiiiber of Monte Carlo analysis runs mnade and cl-k t1 ) is tle value of i lie error

igmual driig th l01k' siiiuilation rin at run tune ti. The covarianice may be calculated as [2I1:671.
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Truth 1 I
Mode I

H 1 H

z A

Figure 4.1. System Estimator Sirnulati,31i

I L TL
LZ: -1 e Z~ (ti )er X(ti)) - 1.3

'I !I ,,;It stic-s of the paramneter estimation errors, e., or true states, xt or Hx, (for conitrol e val-

eat ions). may also be ob~tained similarly with appropriate substitutions into Equations (41.2) andi

(13).

While previous thesis efforts ([11], [15], [24]) viewed the estimation of the states as the error

signals. the, goal of this research is to view physically meaningful quantities. The position and

v1citv estit-nares of the filter hank corresponding to nodes 1 and 2 and the hub of Figure 3-1

oreo '-onipaired to the truth-model-generated positions and velocities (taken to be "noiseless ") via

th maripulat ion of t lie truth model measurement matrix. The manipulat ion is of the forn of

vaiving A to obse rve the effects of the higher order bending modles of the strict ure on tie ahijilt

(f thie PeStilntion t~rhla> 1 e to provide aceni ate position in(l velocity esliats Vani Dr \\(,koi

S.4i)viwe'd lie( truthI states a-sso. iated with thre rigid body miol aund tOe first two hiba1Ln"
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Ill'lll e rs i.IS the filter stte-'.

thl'1'l> Iii Ill .,is asks ai lire apptropriaite quest iota Hlow well do,-s tll ;tl_(,ltli It inwll

(au'1 iV1 c"IItilll) tI h tIl I'll lt aeoft lt, sjiart struictuire? 'I'lie simul1atio it (ft Wl \%;S IIP llf tI

al,) I li,' d l iru poisitiOns1and velocities at ntodes 1, 2. and~ 31 to lbe calcilial'' fr151111. III 11itI

mo)del aind tstiiateil from thle filter A vector of error sigiials is then'l (l1tclliilid by slItd ,acl Il.

Ilw filter est iilate-; from thIi t rue pos-it jOns and velocities.

Thie other simuiilationi performed is the same as the above opull-loop est linador silimil:it i. kl

wflll a (l(ilt roller. lIilpll(ciI4,d For closel-loop est imiationi aid (Coldtrol. lwil ill sitijalat i'i,

dp, I I Figire (A.2). 'I'lie error sigilals will ho geinerated and evaluiated stlt 51ilcall\ ais I *r li,

,St 11101 liul Studyil. Agutiiii the( error Signials are tHie actual differences of tlito posit (Ills oft Ill, sillch10"

i. Ih tcrlinillei fromi the truth model1 versus tie estimated positionl providled by Ite filter kin1k.1hi

'sigllicatit Since thle goal of the controller is to (flili the oscillationls of ti( hesItlirelln li~lll 1a\I

ill dwd lv moving the st riictuire, chlanges Ii structtiral characteristics, o)r chiatigs '1ll 111":dt il

lla., Iillth strltilre. 'Iferefore, the pirimary qulaiitities to be stIltisliclVa llll l o tll

Ili di positjins of the Striicture. Ili part icular, the posit ion mleanis anld valriaicels of loi I ;iid 2

%ill hie deterined ulsinig Ht~x 1

,; i. I 1111u'dulti Iot. The softwvare tised in t his researchl was St arte by4 liv1reliz [8] 0m 1

11 iw iil a Id( nSed hy Filios [Gi], iKarllick [11], Lashilee [15]. and1 Vanl Der Werkell [24]1. Theli work

pjrfllrliii thlroiighil LaSlle wa llerfolrnlel onl a C'DC Cv ler compuitter (aI liol-.\ Illrsi) Vatl

1)r \\e-keti ['21W~-701 tmoved tie FORTR~AN Jprogranis to all [Cxsi 6410 silrlili'iilll (Ill

1111 l). IMI)ii ig th- heginnhi ig of this thesis effort, Hte prograis wvere illoved lc110 ago tili towI

r I wiring of cotipiier r'somirms. Thc programs no0w reside oil two separate ciilitcr ssl

wittlilt Al H: gallaxy, all IKIXSI tid1l) stipormilticotptiter, attd blackbird, a l)IK( \'AX- II7.
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Figure 4t.2. System Controller Simulation

suI-riinicomputer. The programs used are a preprocessor, a processor, and a postp1)rocessor.

4,3. 2 Tht Preprocessor: SETUPS.F. The preprocessor generates the mnatrices used to de,-

scri e the structure over a range of mass and stiffness parameter points. The matrices generated an,

,,1B, Gj, and H for the system model; and Dr given by Equation (3.27); the Kalman filter gaiis

atn~l the LQ controller gains for the 100-point parameter space. An input file is used to input the

stIate and control weighltinig matrices, the measurement noise covariance matrix (R), the dynamic

driving noise matrix (Q), and the time variables (start time, stop time, and tirne increment ). The

ra.-,s and stiffness ma'rices that describe the structure are also contained in this file. The paranie-

t.,:r space is determined by multiplying both the mass and stiffness matrices by ten different scalar

valw,s thus generating the 100 point space. The truth models and the reduced-state filter models

;Ir" ,contained in two output files to be used by the processor.
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.43 hf I'icssor: 613.A. 1. Thle priniary jpr'(i.-si)r i;,i's tie 'id) Iililli Acli:;l- lt'

~refhocpss1 ii Irll the iivtgIiik iiilto via Mlonte Al' Il~l'~\ it I

;Ud1.2 Ili'icte. th le pliocissor p'ropagates the true 5stitim, which is aI hill *2 1-iate uhf Ill(

ttflictluri. andi its'> nit;1sirelliiilts of this syst emi to updat i the est imat or (aw At Ill.- oler ..

Ilk re1 l ii 'l ilt illif lt t lihe estlii r a t ilisi is iltrodlLICe lii t lie foii oi(f a whit' ( i'fe

101"Of. Thei soft ware 11;ls the catpability to performt banik e-xpaIIiIoS, coit ract ionls ;Iti'i Iiii)V l III,

ottirilitig to thle li.,ic described Ili Sect ion 2.3.1. These functions are useif cmi' lhe (d Itll, t

lti.r hanlk have beenii updatedf aild various.. internal parameters are, contpair i to pr- sittnH'i

Yhf/ 1'i.Itiioccssor: Rk'.5ULT. F. Once thle s6ii1ilatioll is, -omlpleted. lijt toil tl

1 'licted aini p it Iill)o a1 it'esit ab e F'orlit, i.e. "raplis of the nina ± Oi ie statl'!:1i'' lv i.t it,;

1I: I IIt it ,' of ill( '' T I I -I iiostI i Iitfpiort anit vauI tes oliseivife i ii I Ii i-' tli -]sj f F, i ';t r, il-, i!

->1 ',II aMid. \'l('Iitv ' sI iitI''tI1 aild thle i'oi'respouidiiig It r fwIosit lills ;tl' 1  ''fi'',.- f

Ii 0at 11t.

.j Sumhi//it ManJiQ/

The uilainl ohltiv' of thtis thIesis effort is to deterinitie the t'olitst ness of NMAE .\ lnild MM *\(

o lie effcts of tw limtodellintg miismuatchi caused by a 2,1-st ate t -1nit I ll atnd aI t-stlh it'1

1 i L'' T 'FI e dfIfhiiclt ie> ''ttcoait'u'e b v \';Il I ler W\erkeri a ftIerI'I lie i' ~1 1;the il d oI stat tos 1' 2

ir'hoYi feeti k'l ii, to the( Inisiitili betweeii the 21-state trilth iodil anid the -tnt liltr 111-ii' 1

A nlails to 1l'set'v' the capjiafilitv of'thie \IMAE/MNIAC algorl-itIsII to prveifi t>''fiil iiif'oriTitott

(Ill i' p, t of II, slitltatol') aini/or conttrol (inl the case of the' coniti'olleir) is to) tII'miit''i tli'' ii Itt

:1i11 o'''iiA st iltla''ill t'rioi's aind trici position and velocit i's 4~ ilii sI rtel it''. ''lies'w v;ibt's wlll

10, 1lll~i~izt 'L 'Ilit' sliiiilatioiis ii'roilel dealt with) the pfiillril Iii ''cof' the ''>tI1iatI, '' If' i''

st met ture Sliapi an~d riajd hoiv orienttionlt atnd th li rlorptlicc (if the ('ltr''l :ilecii tnt. itl Owi
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p r~ 'tce of a hiighier order t ru th model. Additionally,, the work of previous Owscs is attecilMe d]-0

to II( changes nlmde to the soft ware ,iu(i the computer systems oii which lIe ,r is jperfurllld. 1i

ordor to corroborate correct, impleiieiitat ion of these soft ware Changes.

4j.,; 1 The P DiI her Sign amL To v Iew thle effects of the d IfferenI t. m odes oft , tie rge sj ~a e st r nc-

tore adequately, ai dit her signal is applied at the beginning of each 10 second Miole Carlo aii;lk-~s

rol Th dither signal excites the systemn model and enhances paranicer ideintificat ion [153:7,1]. i~

ilik [11:81 and Lse stated that a 30L - square-wave (lit her signal was used wit iI Iolagoliii>

100 and 300, respect Ively. \',In Der 'Aerken st ates tllat a -3()1 lz" sqI ml4-wov \%-Igi\ 1114.A1 ll;t,41jItI I

100 was used Ii his research. lin reality, the software was writ tenl to providie a pseudo-301: 41 (i w

sgial generated byv using the sign of sin (301) t imes thle (dither mjagnlit ude, which creates a s(Iii;1n

wve whose polarityv is determinedl by the sine function. Tile (lit her created inl this iane 1r, %%i ii th'.

samlple period of 0.05 seconds in use, did not provide a symmietric dit her signal sinlce this -iol;itIS

Slmnof's sample thleorem. Thle hub and attache-d structure had an ll ijiaj~l (post-didwr) krl 44It\

linst4!ad of reminllg at. tile nutll or pre-(iitller position.

Fromt tile Nyquiist criterion [23:334-336j, tile maximum frequenicy of t 114 ditlc Inm~ heii

f< I

27'

whIere f is the highiest, frequency cotntainied in the signal of Inlterest. Thie somIll pereiodi ulsed ill thIiis

al, p~reviou1s thesis researchl is 0.03 seconds which correspondIs to a inaXlIlIIIlI sampl4' feqil ofL

2']' 2 X0. 05 scc

F~romi FTihe (:3.2), the4 first eight average frequencies are all b~elow this 10 l1Z frequieicY amid should14

ho ilerpmtely excited by ( ie( (lit her signal usedl for this research. Thecsquaire waoed d44 oes 4(411t :11

hmi-rIoiiics of tile filiilOIlielltai fr4(Illfcy with suf!ficienit enritgy to 4'x (itr' tb 11' igl olrder Illod"4lof
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ie( structure. The effect of the higher modes of tile structure may' well be niegligible, but nvijor

s oft ware modifications would be required to change this limitation.

M..2 MA E Study. Van [Der NNVerken attenmpted to observe the effects of higher order iiiodcs

hycompa ring the filter performnice to thle trth IModel via a t ransformiat ion miat ri x. 'This 1iesi.S

effhOat follows his recomniendat ions to scale thle partrition of thle trujt h model n easiireinent, ii atri x

H,. associated1 withI the higher order mode states, to be sc-aled by a constant. A. Thel( vil Iio of'

A will be increased gradually from zero to one, unless drastic effects are observed. This graidil

int roducnt ion of tie( till iiodeledl st ates into thle estimnat ion proces., willIa ;llow 6) ;ti IIInvt

wlii her more staites needl to he aidded to the estiiiator to p~rovide robust si tl 1.SIlllll mat iu O

sleee stiictuure.

Thle actuial formnation of tie( modhified H, is performed by formng a A mat rix dlefinied ai.

[ 6X6 0 6X1 1

ml~l ie( niodified Ift nmatrix is formned by

Tfe reason A Is diagonally, partitionied is due to the way Van Der \erkeii gooerat ei thle sYstomi

iiiat rices in the preprocessor prograii [24:22:3]. Unlike t lie expre-ssii givvii tin FlXii ion ( 2) i

tru thI st ates were mrodlifiedl by Vani Der Werken so that thle first six states represen t thle rigid I oly

atel first two bendoing muodles for both posit ion and velocity. 'Thus, the( iniplemuented Ht, will aippeair

-is Iit at ion ( 1.30), but withI the two inner column partit ions interchanged.

Once fH, has been formed, the measurement of thle trule States Wvill he mnoihifiedi by. tie A

valii. A A of 0 corresponds t~o a truth model andI filter miode order inatch. A A of I would be thle
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C;I.e Where the truth miiodel is a. full 2-I-state nifodel andf thus a, nmisniatch between iiiodel anid filter

will exist. A bechmiiark is rm with the truth model and the filter hank at thle samie parameoter

lucation. ( 7,6). Tbis position represents the nominal p~osition in the filter space since lhec:;I

tImjiutpliers are h-otil[ onle a this point mid~ is used to niaiiitaiii somte coiiparabh)ty with preoiouIl

thsis efforts. The first numiiber of the position pair is the niass location wh-ile( thle seconid iinkilcr

represents the stiffness location in the filter space as generated by thle preprocessor. Add it ionally.

the initial probability of the center filter is set to 1. This arrangement gives an out pit that is

coiiparable to a single Kalman filter with full artificial knowledge about the pirarnetircrit '

.\dditionallv. the filter is niot allowed to move byv this arrangemtent . Once a letichmteurk II~i

established, other tests are, perf'ornied to determinef the effcts of tie( trtih iiodel/filtcr IIt.1isuia

'Jo, test thec est inItiou performance, the true fiaratuete'r is fixe'd a et setatv p)It ii

(T;.which corresp~ond~s to t~re imass aiid stiffness matrices being immuodified whilegeea g

lie t ruthI model system mat rices. The center of t 1w filter bank is placed at pos it ion (5.5). T111is

corresfiolds to a, mass matrix scaling of 0.8 and a stiffness matrix scaling of 0.9. [lie Monte ( ark

runs, are perforiredl. with varyinig values of A, with the filter fixed (a trs! cam aiiialysis') anid withI

lie filIter being able to iiov'e withlii the filter space. 'he ailiity of thle algorithmn to mtove Ht- filter

batik properly is essential for the ca-ses of varying paramneters and jump changes in thle paramreters.

4-3 MIA C Study. The NMMAC study is performed by enabling the softwvare to coiitrol

thi st ructiire by applying control forces. As with the MM NA E study, thle goal is to deteritinite tOw

degree cf influence of the higher states of the truth mlodfel oii the pe-foriiarice of tIlie t)-st ;ut lilt(,[

ii111I coitroller iiodl.

'flue cont roller study. is perforimed with both fixed and moving batik cuiifiguiratis . Aliott-

aff\. the cases of the informted filter bank (the filter bank fixed at the tine f~riitrlocat ion ) atud

uiuitfomed filter banik (the filter bank fixed at the somte parameter hocat ion ot her thbait th liet1ro

parautiter location) will be perfornmed to determine the p~erformianice chiaracterist ics of t he NI MIAC



algorithmt. For these studies and the NM MAE st udies, the values of thle dynamiucs noise strerigthI

Q :111(1 the measu remenit noise covarianice Ri will remain unchanged1 for the various elemental filter

and controller mtodels.

,. ., IMstrratcc Rejection,. Once the estimiation anid corn rol processes lihatve bceri tI-

g;ited, the robustnhess of the algorithmus is be determined iii the event, of a dist ilance on1c diln

,e.t i attori and cottrol process has reached anl int ermediate steady state cond(itiont (ars detcri meld

from the MIMAC study results). Thle disturbance is be of the formn of a dlithier slial applied inl the

samrie manner as the( dither signal applied at, thle beginning of each siulatijolt run.

.5 Softwvarc Modifications

Several problmts wi th thre software were encountered durrinrg th~is tesen rel Ilu"rt. lTh I N 151

FOk[RRAN subroutitnes [101 uised in thle preprocessor had to be replaced withI a newer versioni of*

tire IMSL Mathematics Library. Ani N+1 problemn was discovered in the post processot. Addi-

ionially, several poorly coded sections of various suibrouitines were muodIified to lhe reaidrlble. Thc

mt od ifi catiotis are tow described itt som te (letaill

Otto- of the p~rob~lems carused by thre conversion fromn I NISL Version 9.3 to I MS L Versionl I0U0

is tiat tire calculation of thre Kalman filter gain mat rices for thre filter space is possibly ttutrrric~rlly

uristable. This problem asserts itself only for large values of Q. IIn order to create a filter space

withI confidence, the valite of Q was reducel by an order of magntiturde front thrat, risec by Laslilee

[15:91]. The filter matrices were generated with

8 0 0

Q ~ 0 S 0 (S

00 5

W-It



lb'- 1Minierical iust ability did not prevent the generation of useful results biut (does deserve somefl

fut ure consideration.

The N+ 1 problem dliscovered :Iii the post processor did not adversely affect thle resti ts of

th~is thesis, since it wvas correctedl, and most. likely v(id not drastically affect. the p revious~ I is

efforts. Whlen the processor w~rites dat a to thle intermediate files, it writces at evcr v tim inr-iw

iiiluinn the first and last tiiie points: 0 and 10 seconds res[pectively. This arraugenienlt cr' 015

201) intervals sinice the time increment is 0.05 secondls. However, lhe numiiier of iiiasurni'iwli

201. The Monte Ca rlo analysis therefore writes 201 measurements for each rni oft ft ana tid

iiot 200, as assumed by thle previous thfesis effort, [24j . For a large nuitfr of aiI rims . I t- N -±

rlenjust ds'cribed1 could be signlificanlt, especially if thle beg it11q, aiitu uiud ailig i~il

of each simnilation run are greatly different. With the N -I- problemi sili I~ soft woo11". II,

postprocessor reads ill 200 mieasu remnits for each analysis. T lie 201st, d ala poi iti I. Ilien o,(. Il [it

as lie first data point Ii the next analysis run and so on. For a Monte Carlo analysis perfortied

withI 100 rims, the fast set of measurements read from the Intermediate files would be isindexed

by) 100 (fat a points aunl possibly providle totally erroneous insights into the process fiming -Studli.

.6 a8 ii imary

Sect ion 41.2 explained thle need for and fli use of' MNonte Carlo atialysus as it peitai, to

tli is thesis. Sectionis -1.3.2 thIirough 4.3.4 dlescribed how the simunilatioii of MM IAE/MMI IA C of a

large, spare strmettire is performed . Sectioni 4.4 explained how the simuilat ion would( be ulse to

uivest igate the Inulimatch betw %een the truth model anid the movinig batik of Iultitfilters or LQ(,

cottrollers. Final ly, Section 41.5 presented details ot how the software was iniplettetutI anld some of

lie problems encounttered withI the imleentat ion. The niext, chapter describes tho resuili. s cri vI

from thiissittiiiatioti.
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I . Ics tts

Ite result Is of Ilte M onte k,(a rlo a nalyNsis are presented Ii t Itis chiapt er. 'The Ii nt iitfII 011 1i

is lo show the robustness of flti- iioviiig-haiik NI NIAE/NINMAC algorithmti in lie prescil of muim.,d-

eled st ates iii the trulth Iiiodel. Van Der Werken (2,1] miodified thle soft ware (( 1,n.vide, ai -21t- tt

rutl miiiodel. I'he( dimiensioni of thle filters remnainedl at 6-state. Thlis research deilioist rates \%liil i-

or i "A t hat SIX-State design model callyil adequate performance as the effect of 1iiinniodcled lihi'1

or her true hending miodes is graduially changed fromntioniexist ent to fully present.

5.2 ll/c Mcde 'u 1 Ada/?nu,/wlim l? Sl

.5.2.1 Dapheo/ion ofho W~/foi. Ihe duplication of la;st work was perform- lii as 5. .ii h~tt

suljective tmannier. 'The results achieved by Van D~er WE'rkeui were jot repeatall'c [2t:t2i . rII.,

s-eft waro lroleiis de-scribed iii Sectionu.1.5 may have cau sen flte probilemis 1w, work display., I.I

liwre Is tio direct evidetnce of this. Laslilce worked with a 6-state filter and t ruthI model [i 5ii-S 11

Mdt Hlls only filie case s of A = 0.0 aire useful for complarison. Based on fte results" I-aSh le [reisif s.

Iil. is ork comrpares very favorably. Thlerefore, the intent, of thlis work is to accept thIiis duip1 1aii

(if' Lash lee's wvork as a hasis, and to ext endl beyond it to dleterminte thle rob tist iless of t i a hgoilli l s

i fitr fullI presenlce of hiighier order mod)(es contained in the trnt mrodlel.

III thle p~reviou~s theses, the dlifferentce of the states wvere usedl in the 'dante C arlo ai o

La;sliee use-d aii error signal of [15:72-74]:

w hre F IiS all 7 X iii tiat~lrix -to imake I t dittietisiois coiipail.'" Fhr (li., 1lis , vf l

will lit plnvsicaIllv itifcn valines rat her thian the mnodal variales. Thli sigtnais o)f Hres wit In
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SI I, sIit it Ilat ion diagram, Fig ure- -.1, art, t Ie( noise-free tineas iremnt of t Ie oit t ,o.IIIoil,, an it (Ivkci1,.

of ntdes 1, 2. and 3. The plots that hollow show the errors ill position and v~ctvest iiii;llts (d

t 5 nodes, as well as paratiteter est itates anld filter iovetnient, Plots.

52.2 .M.-L ' BC ii niiak. To) judge the roitistness Of tIe, NIMA I. algoritliti adequa(1 1%.

;a lwiciiiark is ieded to compar~le to other results. TIhe estimtat ion bleicliillrk is.gli;t I",

stit ig A\ it) zr) alt I placinhg t , ii Ilt, I- la k ah( paraniet er at loc at ion(i I 1~. t,; 1i r;> t I II I

Ir'tated at Its s'viilil disciete \alil olit of tenl andc tII( silhis.s mlat 'ix I> ;0 0t, -Ixll '1' h 1

oa )Ii ( Ot i tell. 'HlI IleicliiII;Ark atialysis, is slhowni [i 5.1ur tlitoul 5.3 -lii'lv

lle p.robaubility' of filter five inl the( banik (the( ceniter of the finuely liscretlzitI lank) Is,- sto )1w. Ili

essence, this is tie( case of ant artificially infortned (withI correct p~arame(ter valutes). ti-adalt Uxe

filter. Thle (7,6) location corresponds to no scaling of tie( mu~ss atnd st iItiess itat rices. i.e,. as

dletrtiiiti11ed by thle finlite elemnt. atnalysis. The 10 Ilz uqcitare-wuave (lit her is applied fba-r the i'

0.-1 s ~id liordlel to excite the SY,4m and( the actuator otilt)11 art, 2.1ro-l altr Ihi

Ii I( it her should Stimiutlate the( first eighit, Modes Of the( truth model' (anld lrcl01al lV tituul:ii0 III,

tit-t Ii t hrough twelfth modes adequately as well) atni p~rovide ant ad,'qtiate liteails of perfultiiiiug

paramete~r rit)(] state est imiaton.

Figure 5.1 shows the benchitmark perforttantce of'thle art ificiailv Itnfottied, luc-adalptivlilt

(ViI' i the paraiuiter locatioti anid filter locatiomn match. Thtw oifler at' the input11 :111 hdll

111toch and thlts ie filter sholild pro~ide Opt itmal petformuatice. Alter. It) seotils. tll,,er crI il

ttilate of Hte po.sit ioti of tiode 1 is ntear zero and the Istatlaril de-viat iin is approximiiately titli;

tndlis or t0.006V of the( stritctutre length. The error in the( velocity est ima~te of nole I is cottipalra-

tU-I steady, withI thle signal settling after ithe dit her signal is9 reinoved. Figiure 5.2 sh)ows tie Satlic

tilo)Ii-atioti for nodle 2 with similar resuilts. Figure 5.3 shows the errors ti the( positin and veloit Vy

-stiuiatioti ic- r iwdl 3. tHie structure huh. It must. be toted that, utitike Ilp ide I au1 th(I 2

'sittatit errors, th it ode :1 errors are- Ii radlians ;tiol radiatis per setithsti t liw 1tu1 1., livx- Il
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sp~t ;ic 11(1 otnly rot ates. Again, t lie siiiall error signals and corresponinigly smiall Iv%%-i~ otlld

tat~ tilt, ,st imation process is providing good iiiforiiiuit mul

5. 2. 3 Nonu-* I IapItrc( Sii ic- ihr A1 ii alys Is rutI- a7-iable A. Figuires 5. 1 t IliroiglIt 5.9 >li I I)%

In:, results of tilt A variat ion runs miuder the same conditions as the benichmai~rk. i.e., for a iii.glc

art ificially irnformied filter. The posit ion estimation errors for nodes I arnd 2 sire isen l I

b;wfr A's of 0.5 ari 1.0. Some high frequency effects are observable huot ai- not :ttitil~it

III I I siguilit tide. 'Ie It ie cannot, he said of the errors inl lie, velocitiv est iiiiat. (4 1 :I> Inil

Im thle error of Ile, posit ion esrilii ate of tilie [11ii). The error >i sliisk Ir atc l i iw I aII,,

tro iwtic Iic of alit itt iiig sonme of the higher ordler umodes into lie miisieiiit for Ilw ll-

I IW 11iiiagiitilde of'thli errors is anl order of mnagniturde higher thanii tie laciiark. which iwin;iv,

aI >igilicant problemi for thle controller if the tuning process is not propierly wrlortid

.5. 2.. N .Vn-Adapti ic Siqle- ilic r 1I"orst Case Antalysis. Figures 5.11 t tiroun _ I 5.12~ pi-\ 1,,

a woirst case anli The single filter is set to the (5.5) parameter positioii midI is, ijiad',,I

in'l-aIdaptive. Thie true paranieter is located at (7,6). Thie saiie ili er sinal is uised to excit'

III( svei 'The plots show a dramiat ic loss In estimat ion cap~aility withi thle devIat ionshii i

or ler of miagnitutde larger than those for the benchniark. This simulation clearly shows tie ii eel

For ;ii) adaptive filter: miismnatcih of true ard filter-assunied parameter -,allies yields iaccoltali

l.1* rV~iiat ion. 'i', value of A was also varied Ii this worst case analysis. 'I'lie clitiges Ii A sliowid

St ~ IIcisitiges Ii perforia ice. See i'igii res 5.13 ti rough 5. 15 for- tw a, of~ A t

iii )~it ii etrrni tilats froim th il)(i bve siiiatuijii ;ir, stiiiiiarld ill T'l .-

Ii 1w ta rg of the datai siigest~s thlat thle higher orde(.r miodles obserkved Ili Otie ai-/ to A

.s do. niot signiiticatly affect the lierfornuance ofthle ilter. Thle worst. ca:nt' tiiialv~sl did shIow lm

lire is a strong, need for at~itve, estimation Ii thle case of nuismalied fihtr-assmitiil sItlti],,

laa ti-ters. 'Ihue( worst case- analysis, I e., the case where a fixed filter is nlot IstdsttI

a it e~fr I 'at on . is Iniiicat etd by the Ili ilie A rol irn. i ii' bita ini it 1,(fI ill, '
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Ca se anjalysis was generated withI A =0.0. The \ .'focity estinmate (rrors. shi lit lte 5-2, (Il

11()l pruvide tilt, ,:)meW intsigfhts as fII, position estimate ,.rotrs ,,lnce Ilit, -1, wit. ,t ttt' oiii nt

cietntlge Coltsitieral as- a fttict iol of' A\. Tuel( data fronit tihtse' taftts alt' ti>, ilsltOw'i in t

cfi;trts, of F'igurtes. 5,1i thrud 5.01gbi21 iti order to enfhantce colttfarisots. 'Illt' first tlt''- fgtt sIll

lit, data for tilt, caesiff M.X with fVarvin g A wifie tl fast t ftret pre-stit tilt. (htte lta itt it

III, -Norst case', (mnistnatchted filter/parameter and A =0) data itncludtetd for tfitt'tt clilltfiiis ttl.

'Ilt' t rends in tile performance of the algorithmls int tile face of 11tttnodefttf111 moh5 Is obviouls ill tit

velocity estitlalto terrors. Atfiitionlttafv the "worst case" attal .sissftows a dftfinite lfgradii;on lit tilt

it i t's[trfOrittaltce (lite to mlismlatcfh bet weent fttr-assttl ;li al] 0 tfetaIItu' i ll

5 .3 Atillijt 1 MLatk Ana.~ < 1lts. Tfht ntext performnttce antaiysis of t it, MM Al. fK h,

:111111 was to deter-llttle ltte ability of the bank to move wvithfitt lte fifttr sfpace wfti tl ilt nit

paramteter e~stitmate ant flter focationt differ from the true paramewter focationt. 'tcsimultiatiott %\;t

Mtti atcil lte, saitte as, for fite worst cst', aal)xIsis excopt that t Iank w;tstiowet to t tno

fr ti iit If's of' atlfl tft filt t i t tile battk were Initializedf to ttttf th 1111t111r itI i of li. it.

hilii is w~us set to 0.05. t', vaftte of 0.05 was usdaftir it.Wt detertttitd to provni 1!r,

mlov ,ltent oif th fthfank lItter te c ctrrett software cotlfigllratiolt. Re"t'siift ltlottitoriltg was tts"ti Foor

it, Ittoveritent fog'ic atd ltte move thresfhofd set to 0.25, again determtined itn al ftoc Itatllltr

fiased on fperformtance. T'he results of these simtufat ions are shown in Figtures 5.22 thfrottgft 5.30.

[f'lt( resulits are conlside rably diffteretnt from tftose sect Wivth ftno mlovteent itiiooed, a s ill ti

0 ttcaste attafysts. 1)itring (fte 10 secottt rnt t .me. fitc- positiott t'st tutait's titifet tt olttitat

Tb; i ilt.' jlis et'ttIl itt ' ft ioes ilt ol are correlfatef %%-ift thet atiaf tmili ofllw

stiltit' its t-xpet(tf. 'Ifi.', t alt' fpositiont of ntodel f seenlit i'gture 5.261. fll- ttid-st rtct'litt. foitltf

sin ows tift.' tiftet (of lilft, iti n t of high andt low frqet~tncy benintg tmodes. At tflmilt 2.2., . 60,

7 1; ;11( 9.6; Scoitis of t ftt' rttitl tite, t fIte posit loll 'smttootft"' s I t( t fettt il ni , t il( f o m m lls t '()

,flt .,f jtftase and
1 

titf to el ;itcit otfter. Thte cftanges lit tfilt, ft(tsitilil stinittttt error1, fii' i
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iile I sit i to correlaite to thlese' poilis. Thie chianiges in thle node1 2 p, )sit ion estimnat ion errors an*.

ii,-t i t.~iblyi correlated to the nodle 2 posit ion. As Ihe struictuore benids ainl iliovits. ;Iiid thle i~~~i

itr !i~.b '-.in the trunli model via z = Hltx,, the nlew mieasiiriiei in1ihrii:iiti Ps pws~cl 1(

lth, Wern and acted iipoti. 'I'lie chianiges inl the bank location are evident inl Figulre 5.25. 1 it, iiais

p:ui-:ithr stni and thec actual shirting of the hank perforned will, liiierig Mi thOw cnt

d ir It ioi iass paranieter locat ion (nwlss =7). The stillness paramieter estimaO~ tw(rlriiid lcs:

wil. xvitli Ie st jffitis estimiate and location retmainling tear the iitial st iftics. heat iioni (imi

sijfts 5vrsst lie Iroe stiffness = 6), after drifting in Owli wrong, direct l'ii nItI)JIll. A,-; 11 111,

hans ill thle p'talnieter etiniates and the mnivenieiit of' the( hank anil h- litrilsit %iiiwl;1iT

(latiges Mi the aictuial position of the structiure as with the correlationi of' tie p)(sition 'stli tl

drrs(iseised above. Figtures 5.27 through 5.30 sihov tue results of thi ix a lyis pterfortiedl withI A

set to 0.5. The chiange in A revealed the same types of response changes as seenl with Ii li art lfiadl

ioul-adapt ive filter. Thel( results of the A =0.5 analysis makes this bhliaior less .Ia.;r

sun'. tlie performtance is reversed, i.e., the stilfuiess performs he ter than the itis cstimatlo iou

mitvt~ii t process.

i both casts. A =0A) and A = 0.5. the visilel pato r~i of the, positiltm ;itt vliwty > tiwitdi

i()fde I itef 2 were tiot. ev ittit ill niode :1, the hu111. Thtis is logical sitice lie111 1:,111

g1rfater nmass anid would tlot I),.niuived or othIerwise (liatige it~s liostiot aftir t~w dit1cl lii L'ui;il is

iii. ,x' I
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Node A [ Man I
1 0.0 0.0001,16 0.00461 (il)
1 0.5 0.0001,45 0.00.162

1 1.0 0.0001,15 0.00157
1 -- 0.00071,1 0.01,136

2 0' -0.000153 0.00263
2 0.5 -0.000153 0.00263
2 1.0 -0.00015,4 0.()026 32 -0.00 1 C( 0.01639

3 .0 C...... 0 0.00395 (ral
3 0.5 0.000095 0.00,172
3 1.0 0.00011-1 0.006.1,

3 0.000158 0.00565

Tat I .1. Position t.stimnation Means and Standard lvitits Ar 1.\I

Node] A [ Mean o"

1 0.0 0.000345 0.02295 -"

1 0.5 0.001073 0.06638
1 1.0 0.001800 0.12617
1 - 0.000632 0.05166

2 0.0 0.000215 0.03,25
2 0.5 -0.000160 0.06018
2 1.0 -0.000537 0.10590
2 - 0.000177 0.04922
3 0.0 0.000902 0.00986 rad

3 0.5 0.000919 0.00981
3 1.0 0.000919 0.00985
3 - 0.000919 0.00985

"'able+ 5.2. Velocit.v lstinmat.ion Means and Standard Deviat.iotis Ifr MM..I

5-21



C C -

0 ---- - ----- ---- - -------___ __

Lomtda C Lambdi C-5 Lamb-d 1 C

Varioaions in Lambda

- Mean L-1 Sigma

Error (inches/sea)
0.14

0.12L

0.1 r
0.08

0.06 F
0.04-LK7

0.02

LamUda =0 Lambda =0.5 Lambda 1.0

V'ariaiions in Lambda

Mean ~Z Sigma

(b)

i iu re 5 1 G. f'o)Sjjton E'-St nnajtjo %IF'ans and Standard Deviations for NIN.XC.Node 1: (a) INsl-
Ku)j Estipi-tes -- nI (h) Velocity Estimates.

5-22



Error (iniches)

C CI 

C CC8 7

C.CC2

Lambda =C Lambda C.5 Lonrtdo 1.2 Msmoxch

Variajarns 3mta

- Mean igmra

(a)

Error (inches/sec)
0.14

0. 12

0.1

0.08

0.0 L

0.02- 71 ~ .1~

Lambda 0 Lambda =0.5 Lambda 1 1.0 Mismatch
Variations in Lambda

Mean Sigmna

(b)

V 2,11 r 5J7. 1' >ition Estimation Means and Standard Deviations for NIMAE, Node 1: (a) PIsI-
ioi Estimates with Worst Case Analysis, (b) Velocity Estimates Nvitli "Worst Caso

A uia!v si

5-23



Error (I E-C4 inches/sec)

2C-

Lambda 0Lambda 0. Lomtba IC

moan ZSigma

(a)

Error (inches/sec)
0.12

0.1 L
0.08 F*

0.04 i
0.02

0

-0.02 .
Lambda 0 Lambda 0.5 Lambda 1.0

Variations in Lambda

Mean Sigma

(b)

Fg'lr, .1 Position Estimation Means andI Standard Deviations for NINIAE, Node 2; (a) Posi-
tion Estimates and (b) Velocity Estimates.

5-24



C.C2 

C I.C15 -

c.c P. -<[.

LL
OCC5 K

-C.CC 5
Lambda C Lambdo 0.5 Lambda = 1.C Misma-ch

Varioions in Lombda

Mean igma

(a)

Error (inches/sec)
0.12

0.061

0.04.

O.O2 a ,.' ',,,

0'

-0.02 L ,
Lambda " 0 Lambda = 0.5 Lambda = 1.0 Mismatch

Variations in Lambda

Mean & Sigma

(h)

I I P',Sltion Estim:ation Nh ans and Standard Deviations for M...I'. Node 2= (a) l'oI-
tior rllstimates with Worst Ca-se Analysis. (b) Velocity Estinat es with "-Vorst Cas4t
Analysis

5-25



Error (radians)

C.CC7S-

C. ccS -

C.CC 4 -

C. cc3 -

C CC2-

Lambda C Lambda C.5 Lombdo I C
Vr'a,ions in Lcrnmra

.4ean Sigm

(a)

002Eror (rod/sec)

0.01

0.008

\\\ N '\

0.006-

0.004

0.002

Lambda -0 Lambda -0.5 Lambda 1 .0

Variations in Lambda

m~ean EiSigma

~5,2(1. Position [stimant ion Meanis and Standard Deviations for NI Nix [, Nodt 3: (a) Iasi-

tion E.,t Inrates and (b) Velocitv Estim-ates.

5-26



Error (radicns)

C. CC 3
C. c -

C.CC5

C.C;4

OOl- ":'

C ,.

Lcrrbdao 0 Lambda 0.5 Lambda 1 C Mismo, h

Vario'ions in Lambda

Mean Sigma

(a)

Error (rad/see)0 012,
0.01

0.01 "

.!".', " I. '\xt

0.006 , A.,

0.002-

' ,,, I ,f ' \ "''< K''

Lambda = 0 Lambdari 0.5 Lambda 1.0 Mismatch

Meon L~d~Sigma

(b)

Figur, 5.21. Position Estimation Means and Standard Deviations for MMA', Node 3: (a) P[sl-
tion Estimates vith Worst Case Analysis, (b) Velocity Estimates with "Worst ('..-,

Analysis

5-27



Error (inches) .- ~-__

C. -2

C 1 2 3 4 6 6 7 8 9 10C

Time (sect

11C e 1 +0camo -

Error (inches/sec)
0.06.- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

03

-- 0.02

-0.Nod

-0.0b

gi t 322 Mov~ rIg- Baitk Estimation Errors with Parameter FlI ter Loi:ation MIS1ac ism 11dU
M ove ment of' time Bank. Node 1 - True Parameter at (7,6) and Filter I rut i IN at

(55) (a) Position and (h) Velocitv Estimation Errors. A =0.0.

5- 99



L~v

C "

'C ____-_____-___-___--- ------- ____--
r  

_-

0.15 '

i~ i

l-l

ii

0 1 2 3 4 5 6 7 8 9 10
Tme (see)

End of Structure

- Node 2 .-Sigmo -Sigmo

(b,)

Fl:iire 5.23. Moving-Bank Estimation Errors with Parametr/Filter Locat ion Misinvcih 2i

Movment of the Bank, Node 2 - True Parameter at (7,6) aid lilter hIi ir ;it
(5,5). (a) Position and (b) Velocity Estimation Errors. A = 0.0

5-29



C>,-j

7

I AIA

I 1 2

of t. I I(- I ia k N o , Vro P r nit r a .( ) i- i ,r I tiiI

(a) Poito an h flrt si aiu ros A 00

5-:3



7.

4.

o 1 2 3 4 5 6 7 8 9

7imne (sec)

MOS: E'!;moe - -Sn!!ness S1c'

- P~ac~r r limt )Il Itl ..\rtial Fltc kn in L
:111d iltr iti:illv a (5.5). A 0.0. Initial 1Prul;tltilliri>-

Pc~ition (inches)

-0.1

-0.15

-0.2-
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Node

-I - Mid-Structure - 2 - End of Structure

Figure 5.20. Mean St ructure Posit lOtus

5-3 1



Error (inches) ____- __ __

cC1.

--C.C I

0 2 3 4 5 8 7 8 9 1 C

Time (sec)

Md- rucure

-Node - +sigma -ima

(a)

0Error (inches!: ~c)

-0.11

-0.2
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Mid-Structure

- Node I -+Sigma -Sigma

Figure, 5.27 Moving-Bank Estimation Errors with P1aramneter/Filter Location Mismatiu h aid
Movement of the Bank, Node 1 - True Parameter at (7,6) anid Filter Intlly1 at
(5,5), 1q) Position and (h) Velocity Estimation Errors. A =0.5.

5-32



Error (inches)
C.C3 -____ _____ __________

C.C 2

c.c 1-_

_ _ _ _ _ _ _ _ __C_ __I

-C.C 3
0 1 2 3 4 5 6 7 8 9 1 C

Time (sec)

End of S'ruc-ure

- Node 2 -+Sigm2 - -Siqrnc

(a)

Error (inches/set)
0.4 _ _ _ _ _ _ _ _ __

-0.2

0 1 2 3 4 5 6 7 8 9 10
T
ime (sec)

End of Structure

- Node 2 -+Sigmna -Sigma

(b)

i r~e .5 28S Moviing- Bank Estimation Errors with Paramieter/Filter Location M isniatchi ;i1 (
Movement of the Bank, Node 2 - True Parameter at (703) and Filter huit il11 at
(.5.5). (a) Position and (b) Velocity Estimation Errors. A =0.5.

5-:33



Error (roaia~s)

-C.CC5 r

C 1 2 3 4 5 6 7 8 9 1C

Error (rod/sec)

0.01

-0,

-0.02 I I

0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Hub of Structure

- Node 3 4-+Sigma -Sigma

(b)

Figu re 5.29. Moving-JBank Estimation Errors with Parameter/Filter Loczition M~ism~atchi and
Movemrent of the Bank, Node 3 - True Parameter at (7,6) and Filter Iiially at
(515). (a) Position and (b) Velocity Estimation Errors. A = 0.5.

.5-34



Location
8

--

1 - --"L -------- L--------- -L -

0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Estimate/Location
- Mass Location Stiffness Location

Mass Estimate --- Stitiness Estimate

Figure 5.30. Parameter Estimation and Actual Filter Bank Location - True Parameter at (7,6)
and Filter Initially at (5,5). A = 0.5. Initial Probabilities

5-35



? ~t/~110 o(1I A dapti cc ( enhoie/ r Study

i.I Duplication of Pa0st Wor~k. As 'with the NIMAI. stuidy, thc (liifi(t l I pi

was, perloriid ]in a somiewhait subljective itaimier anid III(' saie H ;a 0tlvl i

. a i a isj s wa.> perlormed withi the NIMAC algorithiii as with the MMNI K 1' i am ti III

Ihlluw iiiL >ls(tuiis prcsetit the NINIAC. stuidy results.

5. . 2 .1 11A ( i)nch in ark. '[lie t, N1NI AC bencmIfIiark is (Iletevri IIified l ;I I saiw w;I, * I IIi

NI NI.XI lbichmark and( is eqtiivaleiit to) a single artificially informied LO(; coim01r I 1w ifr

:1ill larailletel. le)catiii ait stt to ( 7.6). [Ilie, filter is;ili aitlij,l j111\ d. ti-li i~ lii

4 Ie ii IA hg-ban1k. Tlt r, ,i ts of' tie leiciitark at,ieSo\\-ii ill oigir > I I I 7

5 505 tluw ill(, p.itioi (d' ii )d( I' 1 amid 2 and colntainis the mi ost critical i oio"1 Odht H'iCI tiIIIi

NIMA(: algomit 1 li's ahility to provide cointrol of the strtuctunre. lso iiote thlmat ie flub

input, shown as thme darker line in Figure 5.34, is zero after thme initial dit her durimng the( first 0.5

seconids.

Figure 5.31 shows that tue positioni estimate error is maintained blow 000112 iiilt> kr t Ii,

1wtiodl of thle Moiite Carlo aiialysis run. This is anl imiprovemnt by a Factor o& Ilimee of r- Il(

M MI A EK bhemiiark. 'Ilme position est~iinat~e at nodle 2 is similarly inuproved. 'I'llue velocity Vstiilo:ut>

and1 the node :3 posit ion estiml-ates (10 not show mit1ch change in their performanltce over theMMA1

algori thm i. Figure 5.34 shows the colntrol input~s as dheteriined by thme MMIA( alIgori thmii.

Th~e cointrol signal is actilvated at the 0.5 second point of the rait. The il ital I iaglil it I oh

are large biut sooni quell dlown as thle controller gains control of tie sli tarc As Ieo

coililies, the algorit him causes the control inputIS to grow suddenly. Thlis act mviiy vitly ), II piii rt.

a hi'eiolnieiioi that is called burstring. By bursting the control iputs periodically, thle cottroll'a-

is able to enhance parameter identification and thereby Improve estimates of thie states and tIlie,

posit ioiis and velocities. imel control input magnitutdes remain at less timati 5 lbs for most of tIlie

con) rol riun as shown in Figutre 5.34.
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I, i ll(,th result.s of the 'ont rot pertoriiiaiice sitdy withI variati oiis iil V 'I li ily ;uptru,1

li jt rodt ul et d it tiit igher freqpirt'jcit's othvioiistv calls(,I tie cont rot t11iil. lo k titi ' i

lairgctr, thus c'ausingi a I railsuIt-ut inl tie piosit ion aiit vetocityV estimiate errors. Surprisiigl. Ilw i

(shape) conitrol for tlie case wit ii A =I is superior to the case where A U

.'. 3.4 .; on N012-14111411.(' uIgl Controller Wtor.st Case A4n alyjsis. As wvith thel' NIIAE1 stilt ,;I

wuist cast NINIA(aiilo i . petrformned withi the bank Ii aI nuisIiifo)riuutt.iti-ljt]'

tiht tank at positioli (5.5), the' taraiitttr at position (7,G), andi( thet tank h\-1. t.ii .KI

.5.53 show iel perf'oriiaiice for this coniiuiratjou. 'Tie NI NIAIKl worst ca> iii~li ' h~iii

es t iiiat loll jiroctss siitierett coiisidierablte (tegradtatioi (tlie to t his coilliglirali n. l'I i i~-td:li

'ont rot wvorst case aimiatsis shows that tis configuration is a catastrophtic (tilt'. 'Ilii toutrol ilijilt

rises in all extioiiitnat maniner from thte Initial cont rot turn-on tranisieiit. 'The posit ion ant vt:wIl\t

estimlation errors grow in the same fashion . If this were to lbe allowedt to coiitinil lt' t I.: t ilc woulid001

siurety self-dest ruct. Adapti\'ity is thtis seen to be critical for coiitrot of thtis svstrm. iAlIi i llii

A doe1s provide some im~provemnent, in performance but still teads to probabte cat ast ropthic to'tulvior.

'It'l( resiults of thte benchmark, A variat ions, and worst case anatvsis are siummtarized iii Tales 53

ant 5.4. Figures 5.54 through 5.59 present thiis data graphically with the first tthree iistr tin helt

offfect, of A variations. The last, three figures present the same data with thte "w~orst. case' iiictluted

aiid stiow temp~orat average results over the simulation time. Thle mieaniingfiul iiitoriiatitii ('out aunt'

iii thtese tatter graphts is ttie unstabtle tbehavior of the system uiultr th li'-'worst Iat iills[iimit chit1

Cointtitionis.

5.31.5 11o ring- Bank 1.1AIC An alysis. 'The next performanmce aniatlysis tof l~t I w ('i

rutluimi wa~s to determine the ability of time hank to move within the fitter spact' whit'ic itt

pararrmeter estimation and filter location differ fromi the trite paramtner locatio;-. anld tof) ulxlviIgait
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its capa;clt to mitatitatit st able cotrol of t Ie strtuctutre. 'Te stimttlatitonl was Ot " t 1 tiitl

for thle worst case anialysis, except that thte banik was atllowed to miove. 'ltrol,bjlt is &;1

lthe filters int the bantk were initijalized to atnd the lower limit of thfte pr,)hl[itls wa.> (, 1 t)-.

Ht-dil mt! onit orin g was tused foi Il, mtovemtenit logic andt~ the itjov it li-sh- -l LI t 1 It,

F, ]Ih. of thlese sitItu llt ioits are shtowni in Figutres 5.630 thIroulgh 5.81 . lt figiir ipp-Il1'1.

~'sof figure's for four ilifFeretit A values: 0.0. 0.25. 0.5, attul 1.0. Thte viihwtt ,' A Wi(re cho,(ii ')ti

ant ad hioc basis. IThe value of 0.25, ttot utsed itt tite M MIAE study', was eltoseit to ;tssitrc 11t it t

performntce indicator was mtissed. After performing nunmerotus Monte ( arlo rims. t li d( cisi] 1 1(

its' plots stuch as Figure 5.35 to show only the mean position of thfe 5? titct~f itt' s tialsit III(

addit ional data of ± standard devtatton was ntot. intformnat ive to thie lgiti' th~ tat itit ll 111ii

pro.'s-tat ion, t t',tthey were very smiall.

\Vli the 'woi'St, case'' study anid thie noving-hatik study bothi starltedi the filtert ;tt at fiaaiti-

et er location different, from the true parameter locat iont, the ahilityv of thle banttk to mtove antd~ locat,

the t rute parameter provedi to be essential. The moving-bank ItIM AC stutdy showed t hat tw ft ilte

hauk cottld performi as well ais the artificially informed noit-adapt ive single-filter wtit roller. Cott-

versely, t Ite noit-adalit ive mnismuatchted filter perfornted catast ropitically, wit It tlI' I, ritt itt re heatat tt

tntst a hi

The performanice seeni In these plots Indicates that, there is no (irainat ic de'gratdattionu itt adai

tive cottrol as A is increased froin zero to one. Thus, there would be little bettefit, to be galited byv

increasing the niumbter of states of the filter model beyond the cturret, six.

5. . AAC Dishirbantcc IRcjcctuon Study

Wih tte dat a just, presentted available, a disturbanice rejectiotn stutdy wais 1a'rfortti'd . Thw

inttett of this study is to determinte whether tite controller cani minitaini control of' tie st t'ictl ate

the face Of b)oth the tiiodlel mtismatch and an un1anticipated external disttirlantc'. For this studtil
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tiot,, I hat A Ut0. T he ahilit v to reject a (list irlialce is essential for a cont roI systlen opcr;iltu

InI an en1v Ironlmlenit pertuibed by hothI manl and natutre. The NI NIAC st ud lvwas rcwork. A with i

nim"lificat ion (", the control Iniputs. At t lie 'I-second poinit, of each run. t lhe (lit hr was t urinal oil

aa in for 0.5 seconds with a i na'gniltude of 50 versuis 10 for th linitijal ditlhr. ,I>- 1 ci

wa.s mialintaiined as opposed to 1io COlt 1-ol inpu)Lts being alpldie (h iring Ow iii)l J~ ().- sion i Iw

period. Figuires .81thlroughi 5.89 show the results of this st udy. 'The( reuiil. 0 I i litii

sytiifollow a 181 tern similar to that seen with the previous NINIM.X' r-siilt. Ii -vq I,)(- I II(

nodes I and 2. and the position of the huh, node 3. are greatly affectul by ;uiiv dist irl;uiiw,

hey thle Initial dither or a (list urhaiicc during the control proce'ss. Ilie (oil)t~ ri hins illI]tIr

5.,,7 show t hat thtestruictutre is hroughit uinder control iii less than 0.5 s-caids a itll,.

is remiovedl. Ini Figure h.7(), the controller has added its own cont rol iulits I lo ilis

siinal and remains, highi for a short time after the dlistuirhance (ends. After tie distuirhaiuc was

applied. thle Cont roller cont inuied to perform well and maint ainedl control of thle struictuire althI ough

the (listu rhance has increased1 the amou nt of "vibration" about thle zero iill posi lion for hothI

nodes 1 and 2. The posit ion and velocity estimation errors retuirnied hack t.o thlei r pre-dist uirI aicc

levels after ahout 1.5 seco~nds after thle (listuiirhance was removed. Thie previous_ results la t ille

iiioviiig-hank NIAC with A =0 should he compared to these resultrs. 'I'lie cont roller rejecti O

dlistuirhance well, and this pirovides iiisights into its ability to handle systemi (liturhatuces.

55 ,Vuinbcr of Monte Carlo Analysis Runs

Several1 Monte Carlo analysis were performed in Which trhe nuniher of riuis was signuificanitlI

uicreasodl. The results did not justify the added expense of Increasedl coililaut atl W its. liguiie

5.90 is ain examnipie of a 100-runi Monte Carlo analysis. This is, a repeat of thle (list ii rha ce rej(ict onl

stu a y lerforliied l ii the previous necion . WhI1 ile the plots shown ili Figure 5.84 and 5.90 are li ~t

.identical, the general characteristics are similar and providle trie . amie fund uamrnt al in fori iiatrionl

Thel( velocity esti ma tioni error dloes show that the post-(]isturhiance transient is somiewla I. longer



tlialn for tlit, 1t0)-ruii Monte ( arlo analysis. M ore significanit ly, the strijet iI ll- i ti imIdi oliit It;

01 v ouslv. after 100U runs. thle addi tionial dat a sinoothls the mevans aIId variances. Thiis coil pa rison

of 10 and I P0-run Monte- Carlo analyses provides corroboration of the validityv of tflie, results given

inl tisi chapte'r which1 were performned withI 10-run Monte Carlo analysis.

.5. (; .51 in ill a rY

lie results presented in thliis clhapt er coveredlfthe perforiance of two a Igori thInis: ft(-N NIM A I

an11d N I IAC alIgorIt itis. -Ilie, est itlat li byv th nI (mov Ing-1)atk NIN I AE of th pis, Ion I IIS:IId Vib (,I I

of the niodes of V--ee't not d rasticallyv affected by the presence of' Iiglicr nirdr (dl111

truth Ii odlel. Wel faced withI the lack of true parameter infornuat ion, the , Iiigjc iiiif PI

filter p~erformedl poorly. Thle probleim of a non-adaptive fixed filter/cont rolly. was1 (,% 11 iiq

demtonstrated in the case of the NIMAC study, lin which the paraineter nulisiat eli c;itisO-l in1stailltv

of tile closed loop) system.

The performance of the INIMIAC to estimnate the positions and velocities of the nodes was

imiproved over the MMNAE performance. The structure was also effectively brought, back t~o the null

position. The moving-bank NIMIAC preformed nearly as well as the benchmark and mainitained

adlequate control of the structure. The disturbance rejection showed that thle controller could

maintain control of the structture in the face of a strong short duration distutrbance signal.

5-40



004Error (inch~es)

0.003

0.002-

0.001 Q

0 -

-0.002

-0.003 L

--0 .004

Mid-Sfrucfure

- Node I +-Sigma -S;. rnj

Error (inches/sec)
0.06

0

-0.06 V Tm(ec

0 1 2 3 4 5 6 7 8 9 10

Mid -Structure

- Node 1 - Sigma -Siqmo

(b)
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IT! ('o,in.uions and 1?uoimndaliolns

Thie0 rLI~ist nss anta lysis oft lie MMN A E anrl d NIAC algorithmns, for t ie, st ruc ircev vItI ii , I

fur, thw state mismlatch between the truth modlel and filters, indicates that th4e efficts ofuli l

atsdo niot cause serious degradation of the algorithiiis' p~erformlanice. Hi' '>iith pIa.-ii I III

'liaipter 5 clearly idicate that the proposed reduced order models aini result iwi lilter/tit M-i1 iIi

r-iiial cl coul 1( le toleratedl by the algorithms and that more research shl d be perf'Ori I to

povide fuirt her uniderstandinig of thre abilities of these algorithmns to control a large space srtiliv.

'. 2 C.o n clusio ns

The rest ts of t he N1 NIAE stiimly showedl that , wIl e I Ie e s t i i I oi Ir I I fI I I t Ii I. 1111

SoAs enitIve to the( mismiatchi between the filter and t ruth miodels. t ie( selisit Iv\ wa> 11l, iltIII

I)jus-tl y inicreasiing tit(- filter model iiode content. The( coniputationial loirdii1 ikl.ad I I

1), -oiii theI( c itrreiit 6-st ate model wvonld be d ramatic siiice it wou ld appea r t hat It ic adl Iit Ii(,

seviral states would be required for a significant improvement in performanice. ... d,!7:onaI\ liv

worst ca~se analysis showed t hat, the performance of thme mimace-aaiteiioiiaiapt\ il, I-

was ery oor.The ability of the bank, in the fine (liscret ization muode. to miove, (vii iii ie

pamra meter space was good enough to provide eqivalent, performance to thle artificially Iniformed,

niai-adlapt ivo filter tiseo for the benichmnark.

'Lie results of the MM IAC study were even more conclusive in (leterimii i g that ant ilmeaseI ,

tin filter state size is not reqluired when compared to a 24-state truth mtodel. 'lho pelwrllllI;iieC(

of' tie, benchmnark show'ed a very tight control over the(, space strumctlure. Thle Ivoist case lic ~ l

Shiowed t hat, lie nmismuatclh of the( assumed parameter tim a single LQG, (-(lit m 11r i n I al I a

ialtlstrolliic failure of thme structure itself. The ability of thie bank to m1ove, III IIIe fual'If I' );ic

%\as sufficient, to fprovidle adlequlate control of the large space st rucilime. (despite i il mi111de ledf(.els.
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Th (list irlbalce reject in studyv of the MI MAC algorit in ll owed t ha~t I lit, conl! rllerI ciild r, iii'

1a large short durat ion (list urhance and maintain control over t lii st ructulre.

lii' IIIOVirig-an k NIILNMCalgorithms used inl t his thesis jiroivihd h coil! c1 Vi

i, tNwo-liii truISS structure. Th'lere reinain several topics of research thlat shiuld Iw ines i&o

itfijie the perforiiiaiice of the algorithms. The next section outlines rcoiiiillat jells- ti liiiuk

1w pirorinied inl futuiire research.

'Ille research pewrfornied inl this thies is was hamipered by a nmiiber of flicl(t,. 'I li "'1 dI

i-s, ircli performied was not suificient to cover all areas of interest, aid reseairchl si!(lI),. C IIIlllw

to idd ross some of th litoncerns raisedl in this and previous thesis efforts Vs ug tie salII'sjCI'

.,ct ure. filter/cold roller models, and trulth model, the following recomll enriIlolls are, 1Ii iaJ

I 1lie values of the dvnatniics noise strength Q anid the mieasuremenit nioise covarijanice B. Uii1 III c

iii thle hKalmaii filter gains should he varied and the effect of tiese should 1w iii% IVsI gal-j ill

detail. Special attention should be paid In the generation of new filter and trill nrdc

mat rices hecaiise of the numlierical instability problein suiggestedill 5,i ( The cl >tw

mod(1ificationis to allow for tilling Q and IR. should he made as suge.,;:, ku IV 'an ),i- W rk\

[24:210]. Thle Q and RI should be scalable 'Ill the saint, m~annelr ais tiw mass midI Si hiss

mlatrices by Inpuilttimig base Iiatrices and( anr array of scalar iiiilt ipieis. I' iss'lle of I'IlY

olf-diagoiiil te-rms in) thme mealsuremient inoise matrix should also be iiivest igated [21:2101

2. Veri fy t hat, t lie state weighting mnatrices are tunied for the best possible lwrf~r niviutic ,f te;li

elernert al LQG conitroller wit hi n the NIIAC synthesis.

3. 'I'he, issu~e of changinrg parameters shl d be resea rchled t horouigh ly. 'I'lie pa raiil t r shoculd hoI

allowed to vary slowly anid perform juimp changes, such as would be cawised I yfuel dJe1 o I 'Il

or st ructu rad fahmire of a truss compmlonent , respectively.
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1. The paramieter space discret izat Ion shouIld also b~e reevaluated, since t lie caplililitv of I lic

filter batik to move to the arca of the trite paramieter was not. opt imii1. Ili articii at'. pp

perhaps coarser) discretizat ion of the, stiffness parameter space should receive ;Atc te)i III

fIit tre research efforts.

YThe use of sotie x'ariation of resiilual monitoring might he consi(Ieredl for iierfOri ig i icy at 1

of the batik. One possible means may be residual mnagnitude muoniit ornug, i.e. mi ucit a IIl_

the qluantity v k r(i I-'k(ti) as opposed to ?4(t,)A-' (ti)?rk(ti) as InI L>1 i;it iou (1.0I ;d:

accomplished iii t his research.

G.The soft ware was corrected where appropriate. After heing a nd It modlitil Io r h%, 11 [;

toiis, the software is [ii iced of b~eing overhiatled and tio,-oiigly dcite(d hii I.ia

addition, several portions of the code. iiost notably the dlithier coiitrof, lhas ha ci t Nwit ta Ii

an ad-hoc imaniner to providle useful information in this thesis. 'Fiswarrant filIt~l hrStuidy
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Block 18: Abstract

The robustness of moving-bank multiple model adaptive estimation (MMAE) and
control (MMAC) algorithms is anaslyzed in this thesis. The mismatch of a 24-state
truth model and a 6-state filter model are evaluated on the basis of MMAE/MMAC
performance.

A model developed using Ainite element analysis is ned to approximate a large
space structure which has a large central hub with appendage radiating out from
it. The mass of the hub is csidered to be much larger that the msn of the teiible
structure. The model is developed in physical coordinates and then transformed
into modal coordinates. To obtain a reduced order 11lter model, the method of
singular perturbations is used. The actual positions &ad velocities of various physical
points on the structure are used in the evaluation of the MMAE/MMAC algorithm
performance.

The results of this study of model mismatcking indicates that the MMAE provides
accurate position and velocity estimates even is the face of a 8-state to 24-state
model mismatch. When a non-adaptive filter is used with a mismatched parameter
location, the performance safer slightly. The use of an adaptive estimator does
provide improved performance in the face of uncertain parameter location. Stable
control was obtained with the use of MMAC. For the case of non-adaptlve filter
aid msmatched parameter locatioa, tie control algoritim behaved in a possibly
destructive manner. By allowiag the filter to adapt to the initial parameter location,
the MMAC algoithm provided stable control of the structure, even is the face of
large disturbances.
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